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1 Introduction 

1.1 Immunotherapy for cancer treatment 

The development of genetic engineering has revolutionized today’s medicine, 

particularly in the field of gene replacement therapy for monogenic hereditary diseases 

and cancer. By now, 16 different approaches of gene therapy have been approved by 

the European Medicines Agency (EMA) for treatment of hereditary diseases and different 

B-cell related hematologic malignancies (Paul-Ehrlich-Institut, 2025). While monogenic 

inherited disorders are rare, numerous types of cancer exist, a challenge that offers a 

variety of applications for cell-based gene therapy. Although genetic engineering already 

means a breakthrough for cancer immunotherapy by now, the potential for further 

development remains high. 

Cancer is a medical condition that can arise in virtually all organs and tissues. The 

disease pattern is characterized by uncontrolled cell proliferation, which leads to the 

formation of neoplasms in most cases. In contrast to benign tumors, malign cancers can 

spread and form metastases throughout the body. 

It is believed that cancer has been present for all human history. The first description of 

a tumor was found in a papyrus written in ancient Egypt around 3 000 B.C., which is 

regarded as the oldest known scientific document (Breasted, 1991). Early treatment 

approaches ranged from cautery, surgery and arsenic paste in Egypt, to herbal drugs 

and mineral preparations in Asian cultures. In ancient Greece and the Roman Empire, 

extensive research was done on clinical outcome as well as treatment possibilities for 

different types of cancer, and the acquired knowledge was spread to other parts of 

Europe and Baghdad (Hajdu, 2011). For the last millennia, cancer was further 

investigated, leading to a better understanding of its complexity and increasingly 

advanced treatment options. Despite that, it is still the second most common cause of 

death worldwide (Bray et al., 2018), highlighting the continuing need for improved and 

refined therapies. 

Today, immunotherapy became a substantial part of systemic cancer treatment that aims 

to activate or support the patient’s immune system for fighting cancer cells. Possible 

components of these treatments range from antibodies, cytokines and fungal 

polysaccharides to human cells or viral particles (reviewed by Velcheti and Schalper, 

2016; Chen et al., 2013). Besides, cancer vaccines are applied for treatment as well as 

prevention of cancer (Cheever and Higano, 2011; Siddiqui and Perry, 2006). 
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1.2 T-cell activation and immune checkpoints 

Various cancer immunotherapies target so-called immune checkpoints. These positive 

or negative stimulators orchestrate the process of T-cell activation and enable the 

establishment of self-tolerance. Most of them consist of a receptor and a matching ligand, 

which are located on the surfaces of T-cells and interacting cells, e.g., other immune 

cells or cancer cells (reviewed by Pardoll, 2012). 

In general, T-cell activation is initiated by an interaction between the T-cell receptor 

(TCR) on the T-cell and an antigen presented by a protein of the major histocompatibility 

complex (MHC) family on the interacting cell, a system which is designated human 

leukocyte antigen (HLA) in humans (Weiss, 1990; Dausset, 1958). Especially MHC 

class I molecules are crucial for immune detection of cancer cells, as they can be found 

on the surfaces of all nucleated cells and permit the display of intracellular antigen to 

CD8+ T-cells. Therefore, class I molecules enable functional immune surveillance, 

leading to detection and subsequent killing of infected or malignant cells. For this reason, 

CD8+ T-cells are also called cytotoxic T-cells or killer T-cells (reviewed by Townsend and 

Bodmer, 1989; Engleman et al., 1981; Biddison et al., 1982). Cell killing is initiated by 

secretion of the cytolytic protein perforin and the serine protease granzyme B. Perforin 

induces the formation of pores in the target cell membrane. This allows the influx of 

granzyme B into the cell, where it activates caspases, leading to target cell apoptosis 

(Trapani, 1995). 

In addition, MHC class I proteins can also be utilized by so-called professional antigen-

presenting cells (APC), especially dendritic cells (DC) and macrophages, to present 

antigen derived from previously endocytosed exogenous proteins, originated from 

apoptotic, infected or cancerous cells. This process is called cross-presentation (Huang 

et al., 1994; Albert et al., 1998; Debrick et al., 1991; Rock et al., 1993). As naïve CD8+ 

T-cells require to be activated by professional APC, cross-presentation is essential in 

cases of non-APC-derived tumors, infections with pathogens that do not target APC, or 

when the normal MHC class II pathway is defective due to infection or mutation (Sigal et 

al., 1999; Huang et al., 1994). 

In contrast, MHC class II proteins are constitutively expressed by professional APC, such 

as DC, macrophages and B-cells. They are also inducible on various other cell types, 

amongst others through interferon gamma (IFN-γ) stimulation, e.g., at sites of 

inflammation (reviewed by Glimcher and Kara, 1992, as well as Kambayashi and Laufer, 

2014). Class II molecules are in particular required for presentation of extracellular 

antigens but are also capable of binding and presenting endogenous peptides originated 

from the cytosol (Engleman et al., 1981; Biddison et al., 1982; Chicz et al., 1993; 
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Jaraquemada et al., 1990; Malnati et al., 1992). The interaction of antigen bound by 

MHC II with the TCR of a CD4+ T-cell initiates activation of these cells, which are also 

termed helper T-cells. Different subtypes of CD4+ T-cells exist, each producing and 

releasing a distinct repertoire of interleukins, transcription factors or cytokines like IFN-γ. 

The subtype determination depends on the cytokine milieu at the site of CD4+ T-cell 

activation, and accordingly, each subtype plays a distinct role in promoting humoral 

immune responses or recruiting cellular help. Additionally, class II-mediated antigen 

presentation by B-cells does not only activate the interacting T-cell but also provides co-

stimulatory signaling for B-cell activation (reviewed by Chaplin, 2010). 

The mechanisms by which MHC class II and CD4+ T-cells contribute to anti-cancer 

immunity are rather indirect, as they support a pro-inflammatory milieu and thereby 

recruitment, activation and proliferation of CD8+ T-cells and professional APC (Husmann 

and Bevan, 1988; Hung et al., 1998; Martinez-A and Coutinho, 1981). Beyond that, some 

tumor antigens are restricted to presentation via class II molecules and therefore elicit a 

CD4+ T-cell response (reviewed by Wang, 2001). 

The loci of MHC (or HLA) encoding genes are highly polymorphic as well as polygenic 

in humans, ensuring that every individual expresses a variety of different HLA molecules, 

each detecting a specific antigen (Janeway et al., 2001). Expression of MHC class II 

molecules from these loci is mainly regulated by the class II transactivator (CIITA), the 

so-called ‘master regulator’ of MHC II transcription (Steimle et al., 1993; Reith et al., 

1995). CIITA is a non-DNA-binding co-factor, which fulfills its function via interaction with 

further activating molecules (reviewed by Reith et al., 2005). Coinciding with MHC II, 

CIITA is expressed by professional APC but can be induced in other cells by IFN-γ 

(Steimle et al., 1993; Muhlethaler-Mottet et al., 1997; Steimle et al., 1994). The cell type-

specific and cytokine-dependent expression pattern of CIITA is realized by the presence 

of four different promoters, one of which, namely promoter IV, is specifically inducible by 

IFN-γ (Muhlethaler-Mottet et al., 1997). Silencing of this promoter can be mediated by 

histone modifying enzymes, and post-transcriptional regulation can result from 

recruitment of microRNAs, both occurring, amongst others, in infected cells and tumor 

cells (van der Stoep et al., 2002; Morimoto et al., 2004; Satoh et al., 2004; Ghorpade et 

al., 2013). 

Apart from the MHC-mediated initiation, further cell surface receptors are necessary for 

fine-tuning of T-cell activation by acting as co-stimulators or co-inhibitors (Fig. 1). As 

cancer cells can evade to be uncovered by the immune system via altered expression of 

immune checkpoint proteins, artificial stimulation or blockade of the correspondent 

receptors and thereby activation or repression of downstream pathways are clinically 
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established tools for systemic treatment of these cancers (reviewed by Alturki, 2023). In 

many cases, this is achieved by the use of antibodies. Some widely used examples are 

antibodies targeting the cluster of differentiation 28 (CD28)/cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) axis or programmed cell death protein 1 (PD-1) and its 

ligands PD-1-ligand 1 (PD-L1) and PD-1-ligand 2 (PD-L2). 

 

 

1.2.1 The CD28/CTLA-4 axis 

CD28 and CTLA-4 are homolog receptors on the T-cell surface, both competitive binding 

partners of the ligands CD80 and CD86 on the APC. CD28 acts as a co-stimulator for 

T-cell activation, whereas ligand binding to CTLA-4 triggers co-inhibitory signaling and 

leads to T-cell inactivation (Fig. 1; Azuma et al., 1993; Linsley et al., 1991a; Linsley et 

al., 1991b). While CD28 expression is already high on resting T-cells, CTLA-4 is induced 

upon T-cell activation, resulting in a co-expression of both receptors (Linsley et al., 1992). 

CTLA-4 binds its ligands with a higher affinity than CD28 (Linsley et al., 1991b; Greene 

et al., 1996), which causes a negative feedback for T-cell activation. Besides 

outcompeting CD28 for ligand binding, CTLA-4 is believed to directly induce negative 

Antigen

Antigen-presenting cell T-cell

?

PD-1

CD28

CTLA-4

TCR

+

-

+

-

Signal 1

PD-L1 or PD-L2

PD-L1 or PD-L2

CD80 or CD86

CD80 or CD86

MHC class I or II

Fig. 1: Co-stimulatory and co-inhibitory regulation of T-cell activation. 

The interaction between the T-cell receptor (TCR) on the T-cell and an antigen, e.g., 
a peptide, presented by a major histocompatibility complex (MHC) class I or II protein 
on the interacting antigen-presenting cell initiates T-cell activation (“Signal 1”). Fine-
tuning of the reaction is mediated by co-stimulatory as well as co-inhibitory receptors 
on the cells’ surfaces, some of which are depicted here. The receptor CD28 on the 
T-cell gives the main co-stimulatory signal after binding to one of its ligands CD80 or 
CD86. The same ligands can bind the CD28 homolog cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), which in turn co-inhibits T-cell activation. Binding of 
programmed cell death protein 1 (PD-1) to the PD-ligand 1 or 2 (PD-L1 or PD-L2) 
initiates co-inhibitory signaling, but PD-L1 and PD-L2 are also able to activate co-
stimulatory pathways via interaction with a different, yet unknown, receptor (adapted 
from Pardoll, 2012; reproduced with permission from Springer Nature). 
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signaling (Carreno et al., 2000). Moreover, it enhances immunosuppression mediated 

by regulatory T-cells (T-regs), a subset of CD4+ T-cells, via a yet unknown mechanism 

(Wing et al., 2008). The decisive role of CTLA-4 in immune regulation was first 

demonstrated in Ctla-4-knock-out mice, which suffered severe and lethal immune 

overreactions (Tivol et al., 1995; Waterhouse et al., 1995). 

In cancers, CTLA-4 upregulation by activated T-cells and subsequent T-cell inactivation 

contribute to immune evasion of tumor cells. Consequently, antibody blockade of CTLA-4 

enables ligand binding to CD28 and can thereby restore T-cell activation but likely also 

interrupts direct negative signaling, both of which promote detection of cancer cells by 

the immune system (Leach et al., 1996). At the same time, blockade of CTLA-4 on T-regs 

further induces T-cell proliferation (Peggs et al., 2009). Monoclonal human anti-CTLA-4 

antibodies applied in daily oncological practice are ipilimumab, initially approved for 

melanoma treatment, and tremelimumab for combination therapy against hepatocellular 

and non-small-cell lung carcinomas (Hodi et al., 2010; Margolin et al., 2012; Eggermont 

et al., 2016; France and Blair, 2024). 

1.2.2 PD-1 and its ligands 

Like CTLA-4, PD-1 is a co-inhibitory protein expressed by T-cells and their progenitors 

upon activation, where it appears to play a role in apoptosis (Ishida et al., 1992; 

Nishimura et al., 1996). Besides, it is expressed by a subpopulation of T-regs, B-cells 

and other immune cells (Tembhre et al., 2015; Okazaki et al., 2001; Keir et al., 2008). Its 

two known ligands are PD-L1 and PD-L2. PD-L1 is, amongst others, expressed by APC 

and tumor cells, especially in the presence of proinflammatory cytokines (Tanegashima 

et al., 2019). PD-L2 is as well expressed by different tumor cells, APC and other immune 

cells, such as B-cells (Latchman et al., 2001; Zhong et al., 2007). Similar to PD-1, PD-L1 

and PD-L2 are induced on activated T-cells (Yamazaki et al., 2002; Messal et al., 2011). 

Interaction of PD-1 with one of its ligands initiates co-inhibitory signaling and leads to a 

suppression of T-cell activation in order to establish immunological tolerance (Fig. 1; 

Freeman et al., 2000). Besides, PD-L1 on APC mediates the development of T-regs from 

naïve T-cells and also enhances their functionality, consequentially leading to further 

T-cell inhibition (Francisco et al., 2009). Expression of PD-L2 by tumor cells, alone or in 

combination with PD-L1, especially suppresses tumor antigen-specific CD8+ T-cells in 

mice and confers resistance to anti-PD-L1 blockade. Application of anti-PD-1 or a 

combination of anti-PD-L1 and anti-PD-L2 can overcome the resistance, supporting the 

idea that both PD-L1 and PD-L2 share the ability to trigger co-inhibitory PD-1 signaling 

(Tanegashima et al., 2019). Additionally, PD-L1, but not PD-L2, was identified as a 
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binding partner for CD80. Interaction between the two molecules inhibits both T-cell 

activation and cytokine production (Butte et al., 2007). 

Apart from the described co-inhibitory functions, additional signaling pathways are 

assumed for both PD-L1 and PD-L2. PD-L1 can act as a co-stimulator for T-cell 

proliferation and production of the cytokine interleukin 10 (IL-10) when stimulated with a 

non-blocking anti-PD-L1 antibody (Dong et al., 1999a). Besides, PD-L2 is reportedly 

required for the activation of antitumor immune responses via CD8+ as well as a subset 

of CD4+ T-cells, as deduced from a knock-out mouse model (Shin et al., 2005). 

Therefore, PD-L1 and PD-L2 seem to play a more complex and bidirectional role in the 

regulation of immune responses, and the existence of yet unknown co-stimulatory 

binding partners is suggested for both molecules (Fig. 1; Wang et al., 2003). 

In the context of cancer treatment, the co-inhibitory signaling of the PD-1/PD-1-ligand 

pathway has proven to be a highly efficient target. Different therapy approaches utilize 

blocking anti-PD-1 antibodies that interrupt ligand binding and thereby restore T-cell 

activation (Ghiotto et al., 2010). Again, this effect is probably enhanced by the 

simultaneous inhibition of T-reg-mediated immunosuppression (Pardoll, 2012). 

Expression of PD-L1 and/or PD-L2 can be observed for different types of cancer cells 

and is concordantly linked to a better response to PD-1 blockade (Yearley et al., 2017). 

Different anti-PD-1 antibodies, such as nivolumab, pembrolizumab and cemiplimab, and 

anti-PD-L1 antibodies, such as avelumab, atezolizumab and durvalumab, are approved 

for treatment of various types of cancer (Shen et al., 2024). Besides, CTLA-4 and PD-1 

blockade are used as an effective combination therapy, e.g., ipilimumab plus nivolumab 

for treatment of melanomas or renal cell carcinomas (Postow et al., 2015; Motzer et al., 

2018). Moreover, PD-1 blockade is analyzed regarding potential benefits in treatment of 

other conditions, e.g., human immunodeficiency virus (HIV) infections or Alzheimer’s 

disease (Porichis et al., 2011; Baruch et al., 2016). 

A possible consequence of checkpoint inhibitor treatment in general can be an unwanted 

impact on the complete immune system, leading to different immune-related adverse 

events. If T-cells are activated excessively throughout the body, a cytokine release 

syndrome can arise. In this medical condition, high blood cytokine levels cause 

symptoms like fever, rash, dyspnea, nausea or vomiting, and the situation can become 

life-threatening. Symptoms can be mitigated by fractionation of dosing schedules or with 

the anti-IL-6 antibody tocilizumab, which is generally used to treat cytokine release 

syndromes (Slota et al., 2019). Moreover, checkpoint inhibitors are even suspected to 

activate pre-existing autoimmune diseases or to promote the de novo development of 

autoimmunity (reviewed by Spiers et al., 2019). Also the emergence of resistances can 
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be problematic for patients who need repeated treatments. In fact, comparisons of 

neoantigens in tumors at primary diagnosis and after a relapse showed that especially 

those neoantigens with a high potential for T-cell activation were lost in relapsed tumors 

after initial treatment with anti-PD-1 and/or anti-CTLA-4 antibodies (Anagnostou et al., 

2017). This can be counteracted by application of combination therapies, which are 

composed of different medications in order to address several possible escape 

mechanisms at once (Jenkins et al., 2018). 

1.2.3 Bi-specific T-cell engagers 

In general, bispecific antibodies are artificially constructed to contain the single-chain 

variable fragments (scFv) from two different antibodies connected by a linker sequence 

(reviewed by Slaney et al., 2018). Thereby, they can simultaneously bind two different 

antigens and have the ability of carrying effector molecules to target cells, blocking two 

signaling pathways at the same time or linking two cells with each other (Fan et al., 

2015). In case of bi-specific T-cell engagers (BiTE), one of the antigens bound is CD3, 

a T-cell surface marker and part of the TCR complex. The second target antigen is 

typically a molecule expressed by tumor cells, hence termed tumor-associated antigen 

(TAA; Fig. 2A). The BiTE-mediated connection of a T-cell and a tumor cell activates the 

T-cell to initiate cytotoxic responses against the tumor cell without the requirement for 

stimulation via TCR, HLA and co-stimulatory signals (Renner et al., 1994). Cytotoxicity 

is achieved by release of cytokines as well as perforin and granzyme B (Schlereth et al., 

2006; Haas et al., 2009), which cooperatively induce target cell apoptosis (see 

section 1.2; Haas et al., 2009; Löffler et al., 2003). This mechanism is specifically 

directed to cells expressing the targeted TAA (Dreier et al., 2002). Therefore, a patient’s 

malignant cells always must be tested for positivity of the respective antigen before BiTE 

application. The independency of further co-stimulatory signaling is especially interesting 

for clinical use, as it allows overcoming possible escape mechanisms of tumor cells 

relating to altered expression of checkpoint molecules. Besides, target cell apoptosis is 

achieved already with much lower doses of BiTE compared to other therapeutic 

monoclonal antibodies (Dreier et al., 2002). Today, different BiTE exist, e.g., 

blinatumomab, which binds the B-cell surface antigen CD19 and is applied for treatment 

of B-cell acute lymphoblastic leukemia (ALL; Ali et al., 2020). 

As described for checkpoint inhibitors, a cytokine release syndrome can be a severe 

consequence of BiTE application. Administration of glucocorticoids is suggested here, 

as it reduces the symptoms without restricting the antibody-mediated cytotoxicity against 

tumor cells (Brandl et al., 2007). Besides, also healthy cells can be affected if they 

express the target antigen, resulting in a so-called ‘on-target off-tumor effect’. This has 
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to be considered if the target is not exclusively expressed by tumor cells as it is the case 

for B-cell specific antibodies (Löffler et al., 2003). In this case, a depletion of healthy cells 

can occur but is reportedly reversed upon treatment termination (Topp et al., 2011). 

Moreover, despite the efficacy of BiTE application in hematological malignancies, the 

development for treatment of solid tumors remains challenging (Arvedson et al., 2022). 

 

 

1.3 Chimeric antigen receptor T-cells 

Another option for redirection of immune cells toward cancer cell recognition is the 

application of T-cells equipped with chimeric antigen receptors (CAR). In contrast to the 

aforementioned antibody-dependent immunotherapy approaches, this is a form of cell-

based gene therapy. CAR are artificial receptors consisting of intracellular TCR signaling 

Anti-CD3 scFv

T-cell

Tumor cell
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CD3
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TAA
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TCR

Signaling 

domains

CAR

A B

Linker

CAR T-cell
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Anti-TAA scFv
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Fig. 2: Cancer immunotherapy approaches using redirection of T-cells against 
tumor cells. 

(A) Bi-specific T-cell engagers (BiTE) consist of the single-chain variable fragments 
(scFv) from two different antibodies connected by a linker sequence. They can bind 
two antigens at the same time, the T-cell surface marker CD3 and a tumor-associated 
antigen (TAA). Binding of both antigens establishes a connection between a T-cell 
and a tumor cell, which activates the T-cell to exert cytotoxic responses against the 
tumor cell without a need for further co-stimulation. (B) Chimeric antigen receptor 
(CAR) T-cells are genetically modified ex vivo to express an artificial antibody 
consisting of intracellular domains for T-cell activation and co-stimulatory signaling as 
well as an extracellular scFv targeting a TAA. Intracellular and extracellular domains 
are connected by a hinge and transmembrane domain (TM). Again, an additional 
stimulation of the common T-cell receptor (TCR) is not necessary (adapted from 
Slaney et al., 2018; with permission from AACR). 
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domains and co-stimulatory domains as well as an extracellular scFv derived from an 

antibody targeting a TAA. Both parts are linked by a hinge and transmembrane domain 

(Fig. 2B). Due to this feature, they combine the abilities for antigen recognition and T-cell 

activation within one single receptor (reviewed by Slaney et al., 2018). Prior to 

application, T-cells are isolated from human peripheral blood, expanded and genetically 

modified to express a CAR (Kebriaei et al., 2016). This is done ex vivo via retroviral 

transduction or, more recently, the technology of clustered regularly interspaced short 

palindromic repeats (CRISPR) and CRISPR-associated protein 9 (Cas9; see 

section 1.6; McGuinness et al., 1999; Eyquem et al., 2017). A prominent advantage of 

using the CRISPR/Cas9 system is the capability of directed site-specific gene integration 

into a certain locus, as opposed to random gene integration mediated by retroviral 

particles (Eyquem et al., 2017). The emerging CAR T-cells are infused to the patient, 

who has meanwhile undergone lymphodepleting chemotherapy (Kebriaei et al., 2016). 

Generally, this can be done with T-cells taken from the patients themselves (autologous) 

or from HLA-matched or haploidentical donors (allogeneic; Kebriaei et al., 2016; Jin et 

al., 2020). As described for BiTE, CAR are designed to target an antigen that has to be 

expressed exclusively or at least particularly by the aimed-for cancer cells. Again, 

targeting of CD19 has shown to be effective against malignant B-cells and thereby in 

treatment of different B-cell-associated hematologic malignancies (Brentjens et al., 2003; 

Brentjens et al., 2013). 

Similar to BiTE, the independency of regular TCR, HLA and co-stimulatory signaling 

makes CAR T-cells promising for treatment of cancer cells that developed insensitivity 

to other T-cell stimulation-dependent medications, e.g., checkpoint inhibitors. Besides, 

further improvements of the CAR technique allow for a safer application: The 

development of a CAR under the control of a tetracycline-responsive promoter enables 

switchable activation of CAR T-cells precisely as long as necessary (Gu et al., 2018). 

Moreover, there are possibilities of CAR T-cell elimination after completed cancer 

treatment or in case of severe side effects via the introduction of suicide genes. These 

‘safety switches’ prevent unnecessary persistence of engineered cells in the patient and 

thus potential aftereffects (Hoyos et al., 2010; Albert et al., 2022). CAR T-cells 

expressing these genes are being evaluated in clinical trials (ClinicalTrials.gov, 2013; 

ClinicalTrials.gov, 2018). To date, six different CAR T-cell products have been approved 

for treatment of multiple myeloma as well as B-cell ALL and lymphoma (reviewed by 

Cappell and Kochenderfer, 2023; Paul-Ehrlich-Institut, 2025). 

An immune-related side effect of CAR T-cell application can be a cytokine release 

syndrome, as described before (Le et al., 2018). Similar to checkpoint inhibitors, relapse 

of the disease after CAR T-cell treatment can be accompanied by a loss of the initially 
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targeted antigen (Grupp et al., 2014; Turtle et al., 2016). To prevent this antigen escape, 

simultaneous targeting of multiple antigens is investigated, e.g., by sequential 

administration of CAR T-cells with alternative targets or bispecific CAR, which target two 

different TAA at the same time (Wang et al., 2020; Zah et al., 2016). Also a depletion of 

healthy cells that express the targeted antigen is possible. Even though this is reportedly 

reversed upon termination of treatment (Paszkiewicz et al., 2016), therapies that only act 

in vicinity of a tumor may be of advantage. As described for BiTE, while application in 

hematological malignancies is already successful, no CAR T-cell product is approved for 

solid tumors so far. 

1.4 Enhancement of immune priming by intratumoral injection of 

dendritic cells 

An example for localized immune activation close to a solid tumor is given in the following 

chapter. As described in section 1.2, T-cell activation is necessary for the establishment 

of a successful immune reaction. This is normally initiated by APC-mediated presentation 

of an immunogenic antigen to the TCR of a naïve T-cell, a process called immune priming 

(Janeway, 1989). However, antigen presentation can be impaired due to insufficient 

activation of APC or defects in the involved molecular machinery. In cases where the 

natural process is not sufficient to induce an immune response, the application of an 

immune primer can be of advantage. This can be, amongst others, allogeneic DC, 

derived from a healthy donor and stimulated to produce proinflammatory molecules like 

chemokines, IL-1β and tumor necrosis factor alpha (TNFα). The direct injection of 

activated donor DC into solid tumors elicits recruitment of patient DC and natural killer 

(NK) cells to the tumor site. Killing of tumor cells by NK cells as well as secretion of 

proinflammatory substances by NK cells and donor DC promote maturation of and 

antigen uptake by recruited patient DC. Consequently, matured and TAA-loaded patient 

DC migrate to the tumor-draining lymph node and activate tumor antigen-specific CD8+ 

T-cells via TAA cross-presentation (Fig. 3; Laurell et al., 2017; Liu et al., 2008). This 

boost in immune priming leads to increased numbers of tumor-specific CD8+ T-cells as 

well as their infiltration into the tumor or metastasis (Rizell et al., 2019; Laurell et al., 

2017). HLA-compatibility between patient and donor does not appear to be required for 

a successful implementation. Quite the contrary, application of HLA-mismatched DC is 

assumed to even potentiate recruitment and activation of patient DC (Laurell et al., 2017; 

Wallgren et al., 2005). This is a major advantage compared to autologous cell 

therapeutics or other personalized neoantigen-specific therapies, as no protracted donor 

searching, ex vivo patient cell preparation or neoantigen characterization are necessary. 
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Instead, application of allogeneic DC allows preparatory production of a ready-to-use 

product, with the complete tumor being the source of antigen (Hammerich et al., 2015). 

 

 
An example of such an “off-the-shelf” immune primer consisting of allogeneic monocyte-

derived DC and administered by intratumoral injection is the immunotherapeutic 

ilixadencel. It has been investigated in different phase I and II clinical studies for 

treatment of metastatic renal cell carcinoma, hepatocellular carcinoma and 

gastrointestinal stromal tumors (Laurell et al., 2017; Lindskog et al., 2020; Rizell et al., 

2019; Fröbom et al., 2020; reviewed by Karlsson-Parra et al., 2018). In 2021, ilixadencel 

has received orphan drug designations for treatment of gastrointestinal stromal tumors 

in the EU and for treatment of soft tissue sarcomas in the USA (European Commission, 

2021; U.S. Food and Drug Administration, 2021). In cases when ilixadencel alone does 

not cause tumor regression, combination with subsequent standard therapy can result in 

a synergistic antitumor effect. Here, tumor regression can be observed, and patients’ 
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Fig. 3: Mode of action of the immune primer ilixadencel. 

(A) Allogenic donor dendritic cells (DC) are activated and injected into the tumor 
tissue, where they release various proinflammatory molecules, such as interleukin 12 
(IL-12), IL-1β and tumor necrosis factor alpha (TNFα). (B) Chemokines secreted by 
ilixadencel DC cause recruitment of patient immune cells like immature DC and 
natural killer (NK) cells. This includes C-C motif chemokine ligand 4 (CCL4), CCL5 
and C-X-C motif chemokine ligand 10 (CXCL10). (C) Recruited immune cells are 
activated due to the proinflammatory milieu generated by ilixadencel DC. (D) Killing 
of tumor cells by activated NK cells leads to the release of tumor-associated antigens 
(TAA), which, together with interferon gamma (IFN-γ) secreted by NK cells, further 
induce maturation of and antigen uptake by recruited patient DC. This enables DC-
mediated cross-presentation of tumor antigens. (E) Matured and antigen-loaded 
patient DC migrate to the tumor-draining lymph node. They prime and activate tumor-
specific CD8+ T-cells, which in turn migrate into the tumor (adapted from Karlsson-
Parra et al., 2018; with permission via Creative Commons Attribution 4.0 International 
License (CC-BY-4.0; https://creativecommons.org/licenses/by/4.0/)). 
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overall survival or overall response rate are prolonged compared to standard therapy 

alone (Laurell et al., 2017; Lindskog et al., 2020). Therefore, ilixadencel is often 

combined with drugs that further reduce immunosuppression within the tumor tissue, 

such as tyrosine kinase inhibitors (Lindskog et al., 2020, Laurell et al., 2017; Rizell et al., 

2019). Besides, a combined application of ilixadencel and checkpoint inhibitors appears 

promising to overcome deficiencies of both medications in monotherapeutic use. 

Especially the PD-1/PD-L1 axis seems to be relevant, as blockade of PD-1 enhances 

proliferation of T-cells stimulated by allogeneic DC in vitro (Stecher et al., 2017). 

Most adverse events related to ilixadencel treatment are mild to moderate according to 

different clinical reports. Immune-related side effects like severe fever or sepsis can 

occur in rare cases (reviewed by Karlsson-Parra et al., 2018). 

All immunotherapeutic medications described so far can affect the complete immune 

system, and various immune-related adverse events can be the consequence. While 

localized activation of immune cells appears to have less adverse effects beyond the 

targeted tumor tissue, many immunotherapies still require countersteering of unwanted 

effects by application of immunosuppressive drugs. Further research is needed on 

balancing between the immunostimulating effects necessary for cancer treatment and 

concomitant suppression of unwanted immune-related adverse effects. While advanced 

immunotherapies are being improved and clinically investigated for treatment of solid 

tumors, the challenge remains to locate and target the tumor as precisely as possible. 

1.5 Mesenchymal stromal cells 

An example of cells that are used therapeutically while holding natural capabilities for 

both immunomodulation and tumor detection are mesenchymal stromal cells (MSC), 

also referred to as mesenchymal stem cells, a type of connective tissue progenitor cells. 

These multipotent adult stem cells can be obtained from different sources, such as 

adipose tissue, umbilical cord blood, bone marrow, liver, kidney, or muscle (Zuk et al., 

2001; Erices et al., 2000; da Silva Meirelles et al., 2006). Human MSC are defined by 

the following minimal criteria under standard culture conditions: Firstly, they are adherent 

to plastic with a fibroblast-like morphology. Secondly, they express CD73, CD90 and 

CD105 surface antigens. Lack of expression must be confirmed for CD11b or CD14, 

CD19 or CD79α, CD34 and CD45 to exclude contaminations of the culture with other 

cells. Besides, MSC do not express the DR isotype of HLA (HLA-DR), a molecule 

corresponding to MHC class II, unless being stimulated, e.g., with IFN-γ. Thirdly, they 

hold the potential for in vitro trilineage mesenchymal differentiation into osteoblasts, 

adipocytes and chondroblasts (Dominici et al., 2006; Friedenstein et al., 1974; Romieu-

Mourez et al., 2007). 
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MSC offer several characteristics that make them particularly interesting for clinical 

applications. For one thing, they are known to migrate along gradients of inflammatory 

cytokines like stromal cell-derived factor-1 (SDF-1), hepatocyte growth factor (HGF) and 

IL-8 to sites of tumors, injuries or inflammation within the body, where they support 

wound healing and regeneration of damaged tissues (Son et al., 2006; Birnbaum et al., 

2007; Chapel et al., 2003). Additionally, MSC can regulate immune responses via 

interaction with various types of immune cells, such as T-cells, B-cells, and NK cells 

(reviewed by Dorronsoro et al., 2013). Most studies report an immunosuppressive 

function of MSC, presumably via cell-cell-contact and soluble factors, e.g., IL-10 (Di 

Nicola et al., 2002; Crop et al., 2009). Few contradictory reports show a stimulating effect 

of MSC on T-cells, especially in case of otherwise insufficient T-cell activation (Renner 

et al., 2009; Li et al., 2012). The exact mechanisms of determination between immuno-

suppressive and -stimulating capacities of MSC remain unresolved so far but appear to 

involve extrinsic factors, such as nitric oxide and chemokines (Li et al., 2012). MSC are 

considered as non-immunogenic due to their lack of basal expression of HLA molecules, 

which enables their allotransplantation without the requirement for HLA-matching of 

donors and makes them even more promising for clinical purposes (Le Blanc et al., 

2003). Moreover, in contrast to embryonic stem cells, MSC as adult stem cells do not 

raise ethical concerns (reviewed by Lo and Parham, 2009). 

Because of the mentioned characteristics, extensive research is done on the clinical use 

of MSC. They are applied as immune regulators for autoimmune diseases and conditions 

such as graft-versus-host disease (GvHD), the latter of which can arise as a severe 

adverse reaction to allogeneic stem cell transplantations (Sun et al., 2010; Le Blanc et 

al., 2008). In recent years, also extracellular vesicles secreted by MSC gained more 

attention in this research area (Shigemoto-Kuroda et al., 2017). Aside from that, their 

potential for differentiation into particular mesenchymal cells makes MSC interesting for 

regenerative medicine. One example is the treatment of osteogenesis imperfecta, a 

genetic disorder linked to defects in bone development (Horwitz et al., 1999). 

Furthermore, the homing of MSC to tumors can be utilized by applying them as vehicles 

for targeted delivery of small molecules, such as cytokines or drugs, which has been 

shown to be effective in various pre-clinical models (Studeny et al., 2002; Kanehira et 

al., 2007). In fact, MSC-mediated targeted delivery of nanoparticles coated with an 

anticancer drug can enable the formation of a cellular drug depot within the tumor tissue 

in mice (Layek et al., 2018). 

The growing interest in MSC research is reflected by the steady increase in MSC 

demand for pre-clinical and especially clinical studies over the last 20 years, which is 

estimated to rise further in the future (Olsen et al., 2018). As of August 2025, more than 
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1 960 clinical studies utilizing MSC were registered in the American database 

ClinicalTrials.gov (ClinicalTrials.gov, 2025d), about 130 of which were concerned with 

cancer research (ClinicalTrials.gov, 2025b). 

The safety of therapeutic MSC application was attested in numerous clinical studies 

(reviewed by Lalu et al., 2012), but pre-clinical data are more ambiguous. At times, MSC 

are suspected to cause adverse events like promotion of tumor growth or metastasis 

formation, which is mostly deduced from animal models or in vitro experiments. On the 

other hand, contrary pre-clinical data point to a tumor-inhibiting effect of MSC, and, in 

contrast to embryonic stem cells, MSC do not form teratomas when transplanted into 

mice. The discrepancy between these observations is attributed to differences in MSC 

source, isolation procedure, growth conditions, dosage, or route of administration 

(reviewed by Arango-Rodriguez et al., 2015; Gruenloh et al., 2011), highlighting the need 

for extended research on therapeutic implementation of MSC to tap their full potential. 

Besides utilizing the natural capabilities of MSC for immunosuppression, tissue repair, 

or drug delivery, genetic engineering may enhance their potential and expand their range 

of application. For instance, ex vivo restoration of collagen production in patient MSC 

could make them even more efficient for osteogenesis imperfecta treatment, as 

suggested by pre-clinical models (Niyibizi et al., 2001; Pochampally et al., 2005). 

Moreover, attempts have been made to modify MSC for inhibition of tumor angiogenesis, 

induction of apoptotic signaling selectively in cancer cells, and delivery of suicide genes, 

amongst others (Kanehira et al., 2007; Sage et al., 2014; Uchibori et al., 2009). However, 

unlike DC or T-cells, modification of MSC as primary stem cells is more challenging and 

requires particularly efficient genetic engineering techniques. 

1.6 The CRISPR/Cas9 system 

The CRISPR/Cas9 system is a programmable protein-based method for genetic 

engineering of eukaryotic cells. Since the primary discovery of CRISPR sequences in 

the genome of Escherichia coli in 1987 (Ishino et al.) and CRISPR-associated (cas) 

genes in different prokaryotic species in 2002 (Jansen et al.), extensive research was 

conducted in order to gain insights into the structure and operation mode of the system. 

Originally, CRISPR sequences and Cas proteins represent a form of adaptive immune 

system of prokaryotes, used for antiviral defense (Barrangou et al., 2007). Variations of 

the system exist in different species and involve the usage of several Cas proteins. One 

of them is Cas9, found amongst others in Streptococcus pyogenes or Staphylococcus 

aureus (Ran et al., 2015). In these and other bacteria, the so-called spacers within the 

CRISPR sequence represent previously integrated copies of DNA segments from 
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invading phages or conjugative plasmids (Mojica et al., 2005; Barrangou et al., 2007). 

Each spacer can be transcribed to a precursor CRISPR RNA (pre-crRNA), which is 

recognized and bound by a trans-activating crRNA (tracrRNA), leading to further 

processing and formation of a crRNA:tracrRNA hybrid molecule (Deltcheva et al., 2011; 

Jinek et al., 2012). In case of repetitive infections with a recurring pathogen, the 

respective crRNA binds its complementary sequence within the phagic nucleic acid and 

thereby guides the Cas9 protein to the target sequence. Cas9 is an endonuclease, which 

recognizes the crRNA:tracrRNA duplex together with a virus-specific protospacer 

adjacent motif (PAM) within the viral genome. Thus, the discrimination between self and 

foreign nucleic acid is ensured before Cas9 induces double-strand breaks in the genome 

of the invader (Jinek et al., 2012; Mojica et al., 2009). 

The knowledge about prokaryotic CRISPR sequences and Cas proteins was applied to 

establish the CRISPR/Cas genetic engineering system, based on previously used 

methods. The first generation of comparable systems developed were zinc-finger 

nucleases (ZFN) and transcription activator-like effector nucleases (TALEN). Both 

methods enable the modification of a precise genomic location via the induction of 

double-strand breaks, which are afterwards fixed by endogenous DNA repair machinery. 

This can happen in two different ways: The double-strand break can be fixed by non-

homologous end joining (NHEJ), which normally introduces small insertions or deletions 

and thereby leads to the generation of non-functional gene products. Alternatively, in 

cases where a DNA template with partial homology is provided, homology directed repair 

(HDR) can be utilized to introduce an exogenous sequence at the site of the double-

strand break (Schiermeyer et al., 2019; Miller et al., 2011). In case of ZFN and TALEN, 

the DNA sequence to be targeted is determined within the respective protein’s DNA-

binding domain. This means a time-consuming re-design of custom proteins for each 

targeted genomic location, which can be accomplished by either screening for naturally 

occurring DNA-binding domains or genetic engineering of existing ones (reviewed by 

Jamieson et al., 2003; Miller et al., 2011). 

The CRISPR/Cas methodology used today is an advancement of these preceding 

genetic engineering systems. Most applications utilize the protein Cas9, adapted from 

the prokaryotic model. Cas9 is programmable for targeting of variable genomic locations, 

as it is directed to its target sequence by binding to a small RNA oligonucleotide. This 

so-called guide RNA (gRNA) mimics the RNA hybrid found in prokaryotic cells. It is 

designed to contain a complementary sequence for binding of the target genomic 

location as well as an invariable part for recognition by Cas9, thereby combining the 

functions of crRNA and tracrRNA within one molecule. The target sequence needs to be 

close to a PAM, which Cas9 recognizes together with the bound gRNA. The Cas9 protein 
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contains two endonuclease domains, each cleaving one of the target DNA strands (Jinek 

et al., 2012; Mali et al., 2013). Like its precursors ZFN and TALEN, CRISPR/Cas9 

induces DNA double-strand breaks and takes advantage of endogenous DNA repair via 

NHEJ or HDR. In addition, it can be modified to reduce off-target effects (reviewed by 

Jaganathan et al., 2018). The most important improvement of CRISPR/Cas9 as an RNA-

guided system is that a change of target DNA locations simply requires designing and 

synthesis of further gRNA oligonucleotides, while the protein components remain 

unaltered (Jinek et al., 2012; Mali et al., 2013). Hence, also simultaneous targeting of 

multiple genes is much easier, as it only requires cellular delivery of a single protein-

coding sequence, which can then be combined with different gRNA molecules at once 

(Cong et al., 2013; Mali et al., 2013). The abundance of potential PAM sequences in the 

genomes of various species, including human, suggests that virtually all existing genes 

can be modified using CRISPR/Cas9 (Ding et al., 2016; Filho et al., 2019). 

Due to the mentioned advantages, the CRISPR/Cas9 system offers a variety of possible 

implementations and therefore gained increasing importance over the years, e.g., for 

genetic screens or large-scale genetic engineering. Gain-of-function as well as loss-of-

function screenings with Cas9 and gRNA libraries were successful in revealing genes 

that confer resistance to drugs, pathogens or toxins, as well as candidate genes for 

therapeutic targeting of cancer cells (Shalem et al., 2014; Wang et al., 2014; Ma et al., 

2015; Zhou et al., 2014; reviewed by Liu et al., 2020). In order to facilitate genetic 

screening in primary cells, Cas9-knock-in mice have been generated, whose cells stably 

express Cas9 and only require to be transduced with complementing gRNA libraries 

(Platt et al., 2014). In vivo intracerebral injection of a lentiviral gRNA library in Cas9-

knock-in mice also exposed candidate regulators during the pathogenesis of 

glioblastoma (Chow et al., 2017). Moreover, the generation of mouse disease models 

can be simplified by direct injection of Cas9 messenger RNA (mRNA) together with 

gRNAs into murine one-cell zygotes (Wang et al., 2013). Besides, simultaneous targeting 

of multiple genomic loci is utilized to induce chromosomal inversions or translocations 

with a view to studying genomic rearrangements, which also occur in various types of 

cancer (Choi and Meyerson, 2014). 

Besides disease research, CRISPR/Cas9 is an interesting tool for development as well 

as advancement of medical applications. A range of pre-clinical data exists about Cas9-

mediated excision or destruction of provirus sequences in latently infected cells, e.g., in 

case of HIV or hepatitis B virus infections, which is a promising basis for clinical gene 

therapies (Ebina et al., 2013; Kennedy et al., 2015). In case of HIV, CRISPR/Cas9 can 

reportedly not only eliminate the integrated viral DNA sequence in infected cells but also 

render cells resistant to reinfections (Kaminski et al., 2016). Moreover, in vitro cleavage 
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of human papillomavirus (HPV) oncogenes with Cas9 induces apoptosis of HPV-positive 

cervical cancer cell lines, supporting the usefulness of CRISPR/Cas9 genetic 

engineering for the treatment of virus-induced cancers (Hu et al., 2014). As mentioned 

before, CRISPR/Cas9-mediated site-specific gene integration markedly improved the 

generation and safety of CAR T-cells, which are applied for treatment of hematological 

cancers (Eyquem et al., 2017). As of August 2025, 131 clinical studies associated with 

CRISPR were listed in the database Clinicaltrials.gov (ClinicalTrials.gov, 2025c), 55 of 

which were concerned with cancer research (ClinicalTrials.gov, 2025a). A T-cell product 

engineered with CRISPR/Cas9 ex vivo was proven to be save in a clinical trial concerned 

with the treatment of refractory cancer (Stadtmauer et al., 2020). 

In 2020, the Nobel Prize in Chemistry was awarded to Emmanuelle Charpentier and 

Jennifer Doudna for their pioneering work in the discovery of CRISPR (Strzyz, 2020), 

highlighting its immense importance and potential for current and future medical 

developments. 

1.6.1 The CRISPR/Cas9 synergistic activation mediator 

In addition to the general CRISPR/Cas9 system, modifications of the original Cas9 

protein were developed, making the technique useful for different applications. Cas9 

nickases, for example, induce breaks of only one strand of the DNA duplex, which 

initiates endogenous HDR with reduced off-target effects (Jinek et al., 2012; Cong et al., 

2013). In case of dead Cas9 (dCas9), another example of a modified Cas9 protein, each 

endonuclease domain is rendered inactive by a point mutation (Jinek et al., 2012; Bikard 

et al., 2013). Therefore, dCas9 still binds to DNA in a gRNA-dependent manner but 

cannot cleave the target sequence. Direction of the dCas9 protein alone to coding DNA 

regions can hinder gene transcription. Moreover, it is utilized in combination with 

activator or repressor proteins in order to manipulate gene expression. (Bikard et al., 

2013; reviewed by Brocken et al., 2018). One application of dCas9 is the so-called 

synergistic activation mediator (SAM). Here, dCas9 is fused to the activator VP64, a 

tetramer of the minimal activation domain of herpes simplex virus protein 16 (VP16). 

Another component of the system is a fusion protein consisting of a coat protein of 

bacteriophage MS2 (MS2), a 65 kDa subunit (p65) of the nuclear factor kappa-light-

chain-enhancer of activated B-cells (NF-κB) and the activation domain of heat shock 

factor 1 (HSF1). For effective functioning of the system, the gRNA is expressed with two 

appended minimal hairpin aptamers, each selectively binding dimerized MS2 protein 

(Fig. 4A). This enables the recruitment of the MS2-p65-HSF1 activator helper complex 

to the ribonucleoprotein complex of dCas9-VP64 and the gRNA bound to the target 

sequence (Fig. 4B; Konermann et al., 2015). Consequently, the applied transcription 
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factors work synergistically to induce target gene expression, and some of them have 

been reported to recruit further endogenous co-activators (Konermann et al., 2015; van 

Essen et al., 2009; Ikeda et al., 2002). Gene activation can be additionally increased by 

applying several gRNAs directed against different target locations within the same gene 

(Chavez et al., 2016). Moreover, like the underlying CRISPR/Cas9 technique, SAM can 

target multiple genes simultaneously. Originally, the SAM components are encoded in 

three separate plasmids, which are delivered into target cells via lentiviral transduction 

(Konermann et al., 2015). Besides, also a one-plasmid version exists, encoding all three 

components as a transposable element. This plasmid enables transfer into target cells 

via transfection and genomic integration of the encoded sequence by means of a 

concomitantly provided transposase (Fidanza et al., 2017). 

 

 
So far, the SAM technique has been applied for research regarding various subjects. 

One example is the treatment of HIV patients, where latently infected cells carry 

transcriptionally silent HIV proviruses. As these cells do not express HIV genes, they 
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Fig. 4: Schematic representation of the synergistic activation mediator. 

(A) The synergistic activation mediator (SAM) is a modification of the technology of 
clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated protein 9 (Cas9), consisting of three components. Among them is dead 
Cas9 (dCas9) fused to the activator VP64, a tetramer of the minimal activation 
domain of herpes simplex virus protein 16. The second part is a gRNA with two 
appended minimal hairpin aptamers, and the third component is a fusion of the 
bacteriophage MS2 coat protein (MS2), a 65 kDa subunit of the nuclear factor NF-κB 
(p65) and the activation domain of heat shock factor 1 (HSF1). (B) The assembled 
SAM complex bound to a target genomic DNA (marked as a grey double helix). 
Connection of the SAM components is enabled via the gRNA’s hairpin aptamers 
(marked in red), which selectively bind dimerized MS2 protein. Thus, each gRNA 
molecule can recruit four MS2-p65-HSF1 fusion proteins. Another invariable part of 
the gRNA is recognized and bound by dCas9. Moreover, the gRNA contains a 
section that is complementary to the target DNA sequence (marked in blue), which 
allows recruitment of the SAM complex to its target location (adapted from 
Konermann et al., 2015; reproduced with permission from Springer Nature). 
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evade immune detection and are not targeted by antiretroviral medications, while they 

represent a reservoir of the infection at the same time. The SAM system can reactivate 

these silent HIV genes in vitro, inducing apoptosis of the respective cells (Zhang et al., 

2015). Similarly, an activation of gene expression is also an interesting option for cancer 

treatment. SAM-mediated activation of multiple genes in tumor tissue was shown to 

distinctly induce expression as well as presentation of tumor antigens in a mouse model, 

leading to enhanced recognition and killing of cancer cells (Wang et al., 2019). Besides, 

SAM was successfully applied for a genome-wide gene activation screen revealing 

genes responsible for drug resistance in melanoma cells (Konermann et al., 2015). 

These examples demonstrate the applicability of the CRISPR/Cas9 SAM system for 

research on cancer and other diseases, including even modification of primary stem 

cells, which are generally considered to be a challenging target for conventional genetic 

engineering techniques (reviewed by Valenti et al., 2019). 

1.7 Objective of this thesis 

Human MSC are of increasing interest for disease research as well as development and 

advancement of treatment options. Their ability for chemotactic homing to tumor tissue 

makes them a promising tool for drug or cytokine delivery. On the other hand, they are 

used for treatment of autoimmune diseases or in regenerative medicine due to their 

capabilities for immunomodulation and tissue repair, respectively. Besides, clinical safety 

of MSC was proven in numerous studies and no severe adverse events were observed. 

Accordingly, the establishment of genetic engineering of MSC is highly relevant for 

clinical research, as it may further expand their range of application. To date, few reports 

exist about the use of CRISPR/Cas9 in general or specifically the SAM system in primary 

human MSC, but a range of transcriptional regulators of adipogenic differentiation has 

reportedly been induced in an immortalized MSC line using SAM (Furuhata et al., 2017). 

Consequently, two main objectives were derived for the present study: Firstly, SAM-

mediated gene activation was to be generally established in primary MSC. For this 

purpose, the CCAAT/enhancer-binding protein alpha (CEBPA) gene was chosen as a 

target, as it was reported by Furuhata et al. (2017) to be inducible in immortalized MSC. 

Being a key regulator of adipogenesis, C/EBPα protein is naturally expressed by MSC 

upon adipogenic differentiation, and the CEBPA gene therefore appears to be rather 

accessible for activation. 

Moreover, the SAM system was to be tested for the activation of a target gene that is not 

naturally expressed by MSC without extrinsic stimulation. In this setting, HLA-DR was to 
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be activated in order to examine a possible influence on MSC-mediated immuno-

modulation. As a direct gene activation of HLA genes is complicated due to their complex 

genomic organization, the HLA class II ‘master regulator’ CIITA was chosen as a target 

for overexpression. Its activation was expected to induce the expression of HLA class II 

molecules. 

In order to develop a protocol for lentiviral introduction of the SAM system’s components 

into MSC, different established approaches and inducers were to be tested. Initial testing 

of the system and all gRNAs was to be done using a common immortalized cancer cell 

line. The expression levels of all analyzed genes were to be evaluated via quantitative 

real-time PCR (qRT-PCR). Regarding CIITA, a chromatin immunoprecipitation (ChIP) 

analysis was to be carried out to investigate which of the four promoters are generally 

inducible in MSC. Based on these data, gRNAs for two promoters were to be applied in 

combination with the SAM system to activate CIITA and thereby HLA-DR expression, 

which was to be verified on mRNA and protein level. 

Besides, potential effects of induced gene expression of CIITA on the immunomodulatory 

capacities of MSC were to be investigated via T-cell proliferation assays, in which MSC 

were to be co-cultured with human peripheral blood mononuclear cells (PBMC). 

In the long term, these analyzes can contribute to a more comprehensive understanding 

of MSC-mediated immunomodulation. Moreover, the successful development of genetic 

engineering of MSC can be a great improvement for their establishment as a routinely 

used cellular therapeutic. 
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2 Material and Methods 

2.1 Materials 

2.1.1 Chemicals, solutions and buffers 

All chemicals used were of research grade quality and were obtained from Merck 

(Darmstadt, Germany), Roth (Karlsruhe, Germany) and Sigma-Aldrich (St. Louis, USA). 

Method-specific solutions or buffers are listed in the corresponding method sections. 

2.1.2 Enzymes 

Restriction enzymes used for molecular cloning were from New England Biolabs (NEB, 

Ipswich, USA). Control digests after plasmid preparations were done with FastDigest 

enzymes obtained from Thermo Fisher Scientific (Waltham, USA). DreamTaq Green 

PCR Master Mix was from Thermo Fisher Scientific as well. 

2.1.3 Antibiotics 

Antibiotics used for cell selection were Zeocin (100 mg/ml), Hygromycin B Gold 

(100 mg/ml) and Blasticidin (10 mg/ml), all obtained from InvivoGen (San Diego, USA). 

2.1.4 Antibodies 

All antibodies used are listed in Table 1 (adapted from Killer et al., 2025). 

Table 1: Antibodies 

Antibody name Clone Application Supplier 

purified NA/LE mouse 
anti-human CD3 

HIT3a 
T-cell proliferation 
assay 

BD Biosciences, 
Franklin Lakes, USA 

purified NA/LE mouse 
anti-human CD28 

CD28.2 
T-cell proliferation 
assay 

BD Biosciences 

PerCP anti-human 
HLA-DR 

L243 Flow cytometry 
BioLegend, San 
Diego, USA 

PE anti-human CD45 HI30 Flow cytometry BioLegend 

APC anti-human CD90 DG3 Flow cytometry 
MACS Miltenyi 
Biotech, Bergisch 
Gladbach, Germany 

APC/Fire 750 anti-
human CD4 

RPA-T4 Flow cytometry BioLegend 

PE/Cy7 anti-human CD8 SK1 Flow cytometry BioLegend 

IgG from rabbit serum - 
Chromatin immuno-
precipitation (ChIP) 

Sigma-Aldrich 
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Antibody name Clone Application Supplier 

purified anti-human 
RNAPII subunit RPB1 
CTD 

8WG16 
Chromatin immuno-
precipitation (ChIP) 

BioLegend 

anti-H3K4me3 (pAb-003-
050) 

polyclonal 
Chromatin immuno-
precipitation (ChIP) 

Diagenode, Liège, 
Belgium 

anti-H3K27ac 
(C15410174) 

polyclonal 
Chromatin immuno-
precipitation (ChIP) 

Diagenode 

mouse anti-human β-
actin (A1978) 

AC-15 Western Blot Sigma-Aldrich 

rabbit anti-human NF-κB 
p65/RelA (#8242) 

D14E12 Western Blot 
Cell Signaling 
Technology, 
Danvers, USA 

mouse anti-S. pyogenes 
Cas9 (C15200216) 

4G10 Western Blot Diagenode 

goat anti-mouse 
IgG/HRP 

polyclonal Western Blot 
Dako, Glostrup, 
Denmark 

goat anti-rabbit IgG/HRP polyclonal Western Blot Dako 

 

2.1.5 Oligonucleotides 

(Adapted from Killer et al., 2025) 

Guide RNAs (gRNAs) and primers used within this study are listed in Table 2 and 

Table 3 (both adapted from Killer et al., 2025), respectively. 

All gRNAs targeting promoter III (pIII) of human CIITA were designed with the 

crispr.mit.edu online design tool by the Feng Zhang lab (Massachusetts Institute of 

Technology, Cambridge, USA), whereas those targeting promoter IV (pIV) were 

designed with the Custom Alt-R CRISPR-Cas9 guide RNA design tool by Integrated DNA 

Technologies (Coralville, USA). The sequences of gRNAs targeting the promoter of 

human CEBPA and the non-targeting control gRNA, as well as primers for quantitative 

real-time PCR (qRT-PCR) of human CEBPA were from Furuhata et al. (2017). All gRNA 

oligonucleotides were designed in such a way that they would have matching overhangs 

for molecular cloning in BsmbI or BbsI digested plasmids after annealing (see 

section 2.2.10). The sequences of primers dCas9-F2, Blast-R, Hygro-F and pBluescript-

KS were adopted from Addgene (Watertown, USA). 

Target sequence specificity of all gRNAs and primers was verified using the Primer-

BLAST online tool (Ye et al., 2012), and all oligonucleotides for this study were ordered 

from Eurofins MWG Operon (Ebersberg, Germany). 
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Table 2: Guide RNAs 

gRNA name Sequence (5‘ → 3‘ orientation) Application 

gRNA_CIITA-pIII #1-F CACCGTGATCACAATGGAACCGCAC 
F gRNA targeting pIII of 
human CIITA 

gRNA_CIITA-pIII #1-R AAACGTGCGGTTCCATTGTGATCAC 
R gRNA targeting pIII 
of human CIITA 

gRNA_CIITA-pIII #2-F CACCGTAGCTTGGCGGGCTCCCAAC 
F gRNA targeting pIII of 
human CIITA 

gRNA_CIITA-pIII #2-R AAACGTTGGGAGCCCGCCAAGCTAC 
R gRNA targeting pIII 
of human CIITA 

gRNA_CIITA-pIII #3-F CACCGGACTACAAGGGTACCATATT 
F gRNA targeting pIII of 
human CIITA 

gRNA_CIITA-pIII #3-R AAACAATATGGTACCCTTGTAGTCC 
R gRNA targeting pIII 
of human CIITA 

gRNA_CIITA-pIV #1-F CACCGACCACGTGCTTTATCAGAAG 
F gRNA targeting pIV 
of human CIITA  

gRNA_CIITA-pIV #1-R AAACCTTCTGATAAAGCACGTGGTC 
R gRNA targeting pIV 
of human CIITA 

gRNA_CIITA-pIV #2-F CACCGGGCCACTGTGAGGAACCGAC 
F gRNA targeting pIV 
of human CIITA 

gRNA_CIITA-pIV #2-R AAACGTCGGTTCCTCACAGTGGCCC 
R gRNA targeting pIV 
of human CIITA 

gRNA_CIITA-pIV #3-F CACCGGAGCAACCAAGCACCTACTG 
F gRNA targeting pIV 
of human CIITA 

gRNA_CIITA-pIV #3-R AAACCAGTAGGTGCTTGGTTGCTCC 
R gRNA targeting pIV 
of human CIITA 

gRNA_CEBPA #1-F CACCGGGCTCTGCTGGGCGCGCTGG 

F gRNA targeting the 
promoter of human 
CEBPA 

gRNA_CEBPA #1-R AAACCCAGCGCGCCCAGCAGAGCCC 

R gRNA targeting the 
promoter of human 
CEBPA 

gRNA_CEBPA #2-F CACCGAGCGCGGCGCTGTGCCGCGC 

F gRNA targeting the 
promoter of human 
CEBPA 

gRNA_CEBPA #2-R AAACGCGCGGCACAGCGCCGCGCTC 

R gRNA targeting the 
promoter of human 
CEBPA 

gRNA_CEBPA #3-F CACCGGCCGCGCGCTAGGACCCAGC 

F gRNA targeting the 
promoter of human 
CEBPA 

gRNA_CEBPA #3-R AAACGCTGGGTCCTAGCGCGCGGCC 

R gRNA targeting the 
promoter of human 
CEBPA 

gRNA_Control-F CACCGGTCTTCGGAGGACAGTACTC 
F control gRNA  
(no target) 

gRNA_Control-R AAACGAGTACTGTCCTCCGAAGACC 
R control gRNA  
(no target) 
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Table 3: Primers 

Primer name 
Sequence 

(5‘ → 3‘ orientation) 
Application 

U6_PCR-F TGCATATACGATACAAGGCTG 

F primer used for bacterial 
PCR and sequencing of 
lentiviral plasmids after 
molecular cloning 

Taq GAPDH 1 CTCCTCCACCTTTGACGCTG 

F qRT-PCR primer for amplifi-
cation of human GAPDH from 
cDNA (house-keeping gene) 

Taq GAPDH 2 ACCACCCTGTTGCTGTAGCC 

R qRT-PCR primer for amplifi-
cation of human GAPDH from 
cDNA (house-keeping gene) 

qCIITA-3-F TTATGCCAATATCGCGGAACTG 

F qRT-PCR primer for amplifi-
cation of human CIITA from 
cDNA 

qCIITA-3-R CATCTGGTCCTATGTGCTTGAAA 

R qRT-PCR primer for amplifi-
cation of human CIITA from 
cDNA 

qHLA-DRalpha-F TCTGGCGGCTTGAAGAATTTG 

F qRT-PCR primer for amplifi-
cation of human HLA-DR alpha 
chain from cDNA 

qHLA-DRalpha-R GGTGATCGGAGTATAGTTGGAGC 

R qRT-PCR primer for amplifi-
cation of human HLA-DR alpha 
chain from cDNA 

qCEBPA-F AACACGAAGCACGATCAGTC 

F qRT-PCR primer for amplifi-
cation of human CEBPA from 
cDNA 

qCEBPA-R AGACGCGCACATTCACATTG 

R qRT-PCR primer for amplifi-
cation of human CEBPA from 
cDNA 

dCas9-F2 CCAAAGAGGTGCTGGACG 

F primer used for amplification 
of the insert of lenti dCAS-
VP64_Blast from gDNA/cDNA 

Blast-R GCTCTTTCAATGAGGGTGGA 

R primer used for amplification 
of the insert of lenti dCAS-
VP64_Blast from gDNA/cDNA 

Hygro-F GACGGCAATTTCGATGATG 

F primer used for amplification 
of the insert of lenti MS2-P65-
HSF1_Hygro from gDNA/cDNA 

pBluescript-KS TCGAGGTCGACGGTATC 

R primer used for amplification 
of the insert of lenti MS2-P65-
HSF1_Hygro from gDNA/cDNA 

hCIITA-pI-F TGGGCTTCTCTGGCACAT 
F primer used for ChIP-qPCR 
of pI of human CIITA 

hCIITA-pI-R GGCTTTTGGGTTGATTCAGA 
R primer used for ChIP-qPCR 
of pI of human CIITA 

hCIITA-pII-F CCTTCCCAATTCCAAGAGGT 
F primer used for ChIP-qPCR 
of pII of human CIITA 
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Primer name 
Sequence 

(5‘ → 3‘ orientation) 
Application 

hCIITA-pII-R GTCCCTGAGCCCTTAGATCAG 
R primer used for ChIP-qPCR 
of pII of human CIITA 

hCIITA-pIII-F AGAGGGTGTTCAGAAACAGAAATC 
F primer used for ChIP-qPCR 
of pIII of human CIITA 

hCIITA-pIII-R AAGCTAAGCCAACATGCAAAG 
R primer used for ChIP-qPCR 
of pIII of human CIITA 

hCIITA-pIV-F GTTGGGATGCCACTTCTGAT 
F primer used for ChIP-qPCR 
of pIV of human CIITA 

hCIITA-pIV-R CTGTGGAGCAACCAAGCAC 
R primer used for ChIP-qPCR 
of pIV of human CIITA 

 

2.1.6 Plasmids 

(Adapted from Killer et al., 2025) 

Plasmids used for this study are described in Table 4 (adapted from Killer et al., 2025). 

The plasmids psPAX2 and pMD2.G were gifts from Didier Trono. The plasmids lenti 

dCAS-VP64_Blast, lenti MS2-P65-HSF1_Hygro and lenti sgRNA(MS2)_zeo backbone 

were gifts from Feng Zhang. The plasmid PB-UniSAM was a gift from Lesley Forrester. 

The plasmids lenti sgRNA(MS2)_zeo backbone and PB-UniSAM were used for 

integration of previously annealed gRNA oligonucleotides via molecular cloning (see 

section 2.2.10 for details). 

Table 4: Plasmids 

Plasmid name Description Reference 

psPAX2 
Lentiviral packaging plasmid 
encoding viral capsid and enzymes 

Didier Trono; 

Addgene #12260 

pMD2.G 
Lentiviral packaging plasmid 
encoding viral receptor protein 

Didier Trono; 

Addgene #12259 

lenti dCAS-VP64_Blast 
Lentiviral plasmid encoding dCas9-
VP64 fusion protein 

Konermann et al., 
2015; Addgene 
#61425 

lenti MS2-P65-
HSF1_Hygro 

Lentiviral plasmid encoding MS2-
p65-HSF1 activator helper complex 

Konermann et al., 
2015; Addgene 
#61426 

lenti sgRNA(MS2)_zeo 
backbone 

Lentiviral backbone plasmid for 
gRNA cloning 

Konermann et al., 
2015; Addgene 
#61427 

pGIPZ 
Lentiviral backbone plasmid 
encoding TurboGFP from 
Pontellina plumata 

Dharmacon, GE 
Healthcare, 
Lafayette, USA 
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Plasmid name Description Reference 

PB-UniSAM 

PiggyBac transposon plasmid for 
gRNA cloning; encoding dCas9-
VP64, MS2-p65-HSF1 and 
mCherry fluorescent protein 

Fidanza et al., 
2017; Addgene 
#99866 

pCMV-hyPBase 
Expression plasmid of hyperactive 
piggyBac transposase hyPBase 

Yusa et al., 2011 

 

2.1.7 Laboratory consumables 

Most laboratory consumables such as cell culture flasks, pipette tips, serological 

pipettes, transfer pipettes, cryotubes, well plates (for cell culture), Petri dishes, 

microcentrifuge tubes and 5 ml polystyrene tubes (for flow cytometry) were purchased 

from Sarstedt (Nümbrecht, Germany). Centrifuge tubes (15 ml and 50 ml) were from 

Greiner Bio-One (Kremsmünster, Austria) and syringes were from B. Braun Melsungen 

(Melsungen, Germany). 

2.1.8 Scientific instruments 

All standard scientific instruments used, e.g., pipettes, centrifuges, microscopes or 

incubators, met laboratory standard criteria and are not mentioned separately. Further 

method-specific equipment is listed in corresponding method sections. 

2.2 Methods 

2.2.1 Isolation of primary MSC from human bone marrow 

(Adapted from Killer et al., 2025) 

Human bone marrow was aspirated from the iliac crest of a healthy donor, who had given 

written informed consent. For this purpose, 10 ml syringes prefilled with 160 IU heparin 

(Sarstedt) were used. The procedure has been approved by the local ethics committee 

of Philipps-Universität Marburg, Marburg, Germany (study no. 64/01 and 25/10). 

Complete bone marrow was loaded into the Quantum cell expansion system (Terumo 

BCT, Lakewood, USA) and non-adherent cells were washed out via medium change 

after 24 h. Expansion of MSC was done as described in detail by Nold et al. (2013). After 

being stored in cell harvest bags (Terumo BCT) in liquid nitrogen, cells were thawed, 

counted using a hemocytometer and Trypan Blue solution (Sigma-Aldrich), expanded for 

one passage under standard culture conditions and re-frozen in cryotubes in liquid 

nitrogen. In the course of the study, individual tubes of cells were thawed freshly and 

allowed to equilibrate for 5 days before each experiment. 
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2.2.2 Isolation of peripheral blood mononuclear cells from buffy coats 

(Adapted from Killer et al., 2025) 

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats containing 

human blood of healthy donors enriched in leukocytes and platelets (University Hospital 

of Giessen and Marburg, Giessen site, transfusion medicine). The use of remainders of 

donated blood for research has been approved by the local ethics committee of the 

Faculty of Medicine of the Justus-Liebig-Universität Giessen, Giessen, Germany (study 

no. 05/00). 20 ml of each buffy coat were diluted with 30 ml PBS, and 35 ml of the mixture 

were layered on top of 15 ml Ficoll-Paque PLUS reagent (GE Healthcare Life Sciences, 

Chalfont St Giles, UK). PBMC were separated from other cells via density gradient 

centrifugation at 800 g for 20 min. The middle layer containing the PBMC was 

subsequently extracted with a transfer pipette. Cells were washed with PBS 

(centrifugation at 300 g for 5 min) and an erythrocyte lysis was conducted if necessary. 

Therefore, the cell pellet was incubated in 5 ml 1x lysis buffer for 5 - 10 min in the dark. 

After additional washing with PBS, cells were resuspended in culture medium and 

transferred to cell culture flasks or well plates. 

The 10x erythrocyte lysis buffer was prepared with 8.02 g ammonium chloride (ClH4N), 

1 g potassium hydrogen carbonate (KHCO3) and 0.037 g ethylenediaminetetraacetic 

acid (EDTA) in a total volume of 100 ml ddH2O and sterile filtered. The stock solution 

was diluted 1:10 before use. 

2.2.3 Cultivation of established cell lines and primary cells 

(Adapted from Killer et al., 2025) 

HEK-293T cells were grown in DMEM medium with a high glucose content (4.5 g/l D-

Glucose), and T47D cells were grown in RPMI 1640 medium (both Gibco by Thermo 

Fisher Scientific). In both cases, 10% fetal calf serum (FCS; Capricorn Scientific, 

Ebsdorfergrund, Germany) was used as a supplement. Primary MSC as well as the 

immortalized MSC line K5 iMSC (Burk et al., 2019) were grown in DMEM medium 

containing low glucose levels (1 g/l D-Glucose; Gibco) supplemented with 10% human 

platelet lysate (HPL; PL BioScience, Aachen, Germany). Heparin (PL BioScience) was 

added to a final concentration of 2 units/ml to prevent HPL coagulation. Primary PBMC 

were cultured in RPMI 1640 medium supplemented with 10% inactivated AB serum 

(transfusion medicine, Giessen), 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer solution (1 M; Gibco), 1% MEM non-essential amino acid solution (100x; 

Sigma-Aldrich) and 1% sodium pyruvate (C3H3NaO3, 100 mM; Gibco). 
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In addition, 1% Penicillin-Streptomycin (Sigma-Aldrich) was added to all media before 

use. All human cells were cultivated at 37 °C under hypoxic conditions through 

application of 5% CO2. 

K5 iMSC were provided by Dr. Cornelia Kasper, Institute for Cell and Tissue Culture 

Technologies, Universität für Bodenkultur Wien, Vienna, Austria. 

2.2.4 Transfection 

2.2.4.1 Transfection of cells using calcium phosphate 

(Adapted from Killer et al., 2025). 

The efficiency of all gRNAs used in this study was tested via transient transfection in 

HEK-293T cells after molecular cloning of the respective plasmids. For this purpose, 

3x105 cells were seeded per 6-well and grown overnight. After approximately 24 h, the 

transfection reagent was prepared as follows: The plasmids to be transfected were 

added to a 2 ml tube containing 100 µl sterile H2O, and 14.3 µl calcium chloride (CaCl2, 

2 M) were added dropwise. The tube was placed on a vortex mixer, and 114.3 µl 

2x HEPES buffered saline (HBS) were added dropwise while mixing at a low speed. The 

mixture was incubated for about 1 min before being added dropwise to the cells. Medium 

was changed after 14 - 16 h, and cells were grown until 3 days post transfection before 

being harvested for RNA isolation. For testing of gRNA efficiencies, equal amounts of 

lenti dCAS-VP64_Blast, lenti MS2-P65-HSF1_Hygro and the respective lenti 

sgRNA(MS2)_zeo + gRNA were combined in each well. Different amounts of total 

plasmid DNA were tested. 

Moreover, HEK-293T cells were also applied for production of lentiviral particles. In that 

case, 3.5x106 cells were seeded per 10 cm-dish and grown overnight. The transfection 

reagent consisted of 438 µl sterile H2O, 62 µl CaCl2 (2 M) and 500 µl 2x HBS, with the 

same procedure as described above. Plasmids added were a combination of 2 µg 

pMD2.G, 5 µg psPAX2 and 7 µg lentiviral transfer plasmid. 

In case of calcium phosphate transfections with the PB-UniSAM plasmid, 3.5x106 MSC 

or HEK-293T cells were seeded per 10 cm-dish and grown overnight. Reagents were 

applied as described above for 10 cm-dishes and 15 µg PB-UniSAM were added in 

combination with 5 µg pCMV-hyPBase. 20 µg pGIPZ were used as a control. 

2x HBS was prepared with 1.64 g sodium chloride (NaCl), 750 µl sodium hydrogen 

phosphate dihydrate (Na2HPO4 x2 H2O, 200 mM) and 1.2 g HEPES in a total volume of 

100 ml ddH2O. The pH was adjusted to 7.0 using sodium hydroxide (NaOH, 0.5 M or 

1 M). CaCl2 (2 M) was prepared with 14.7 g calcium chloride dihydrate (CaCl2 x2 H2O) 



Material and Methods 

29 

in 50 ml ddH2O. Both solutions were sterile filtered using a 0.2 µm filter (Sarstedt) and 

syringe, and aliquots were stored at -20 °C. 

2.2.4.2 Transfection of cells using Lipofectamine 3 000 reagent 

(Adapted from Killer et al., 2025) 

Transfection of HEK-293T cells for production of lentiviral particles was also done using 

Lipofectamine 3 000 (Thermo Fisher Scientific). Therefore, 3.5x106 cells were seeded 

per 10 cm-dish in 10 ml medium and grown overnight. The reagent was prepared and 

applied according to the manufacturer’s protocol: For each 10 cm-dish, 21.7 µl 

Lipofectamine 3 000 reagent were diluted in 500 µl serum-free medium. Using an 

additional tube, 2 µg pMD2.G, 5 µg psPAX2 and 7 µg lentiviral transfer plasmid were 

diluted in 500 µl serum-free medium with addition of 30 µl P3 000 reagent. Both solutions 

were combined in a 1:1 ratio and incubated at RT for 10 - 15 min before being added to 

the cells dropwise. Cells were cultured until 3 days post transfection. 

2.2.4.3 Transfection of cells by nucleofection 

For delivery of plasmid DNA into MSC via nucleofection, the Human MSC Nucleofector 

Kit (Lonza, Basel, Switzerland) was used according to the protocol. In brief, 5x105 cells 

were resuspended in 100 μl of Human MSC Nucleofector Solution together with 1.5 µg 

PB-UniSAM and 0.5 µg HyPBase per preparation. The cell suspension was pulsed in 

the Amaxa Nucleofector II device (Lonza) using program U-23 for high transfection 

efficiency, and cells were transferred to a 6-well plate containing 1.5 ml standard medium 

for MSC culture per well. Non-transfected cells and cells that were pulsed without 

addition of plasmids were both used as negative controls. Cells in all samples were 

cultured for 7 days after transfection. 

2.2.5 T-cell proliferation assay 

T-cell proliferation assays were applied to evaluate the immunomodulatory capacity of 

human MSC (Nold et al., 2015; Killer et al., 2017). Therefore, human PBMC were co-

cultured with MSC, and T-cell proliferation was determined afterwards based on a 

5,6-carboxyfluorescein succinimidyl ester (CFSE) staining. 

MSC were obtained as described before (see section 2.2.1) and 5x104 cells were 

seeded per 24-well in their standard culture medium for equilibration. The next day, 

medium was exchanged with medium for PBMC culture. PBMC were isolated as 

described (see section 2.2.2) and were labeled with 1 μM CFSE reagent (Molecular 

Probes, Eugene, Oregon, USA) in a 37 °C water bath for 10 min, while being kept in the 

dark. This was followed by centrifugation at 350 g for 5 min, addition of 10 ml 
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pre-warmed culture medium, an additional incubation at 37 °C for 15 min and again 

centrifugation at 350 g for 5 min. 1x106 CFSE-labeled cells were added per well 

containing MSC. T-cell proliferation was induced with anti-human CD3 and CD28 

antibodies (both BD Biosciences) at a final concentration of 0.1 μg/ml each. The co-

culture was kept at 37 °C under hypoxic conditions (5% CO2) for 5 days. Afterwards, 

PBMC were harvested and measured via flow cytometry (see section 2.2.9). 

The staining of PBMC was applied in order to visualize cell doublings and therefore cell 

proliferation. The dye 5,6-carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) is 

used, which is non-fluorescent but highly membrane-permeant and is therefore easily 

absorbed by the cells. Inside the cytoplasm, the two acetate groups are then removed 

by intracellular esterases, resulting in the production of 5,6-carboxyfluorescein 

succinimidyl ester (CFSE). In contrast to the initially applied CFDA-SE molecule, CFSE 

is fluorescent and much less membrane-permeant. The succinimidyl moieties of CFSE 

are also highly reactive to amino acids and can form conjugates with long-living 

intracellular molecules, which leads to a stable cell labeling (Parish, 1999). As cells 

divide, the amount of contained fluorescent conjugates is split between the two emerging 

daughter cells, leading to a reduced amount of fluorescence signal per cell in a rapidly 

proliferating cell population compared to slowly proliferating cells. This characteristic 

enables the visualization of MSC-mediated immunosuppression. 

Additionally, positive and negative controls were prepared in each assay without addition 

of MSC. T-cells in the positive control were stimulated as described. Without presence 

of MSC the proliferation of these cells was unaffected, and they consequently possessed 

low fluorescence levels per cell. This was done to prove the effectivity of the stimulation. 

The proliferation of cells in the negative control was not stimulated and it was used to 

define the threshold of CFSE fluorescence intensity of a non-proliferating T-cell 

population. In general, T-cells with fluorescence signals below this threshold were 

defined as proliferated. The percentage of proliferated cells after co-culture with MSC in 

relation to the respective positive control was used to calculate MSC-mediated 

suppression of T-cell proliferation as described before (Killer et al., 2017): 

100% − T-cell proliferation after co-culture (% of positive control) =

T-cell suppression (%). 

2.2.6 Lentiviral transduction of human cells 

(Adapted from Killer et al., 2025) 

During this study, different approaches were tested for lentiviral cell transduction. The 

protocol, which was finally determined, was as follows: 
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Pseudotyped lentiviral particles were produced through transfection of human HEK-293T 

cells using either calcium phosphate (see section 2.2.4.1) or Lipofectamine 3 000 (see 

section 2.2.4.2). In both cases, cell culture supernatants were harvested 48 h and 72 h 

post transfection and filtered with a 0.45 µm filter (Sarstedt) and syringe. Viral particles 

were concentrated with Lenti-X Concentrator (Takara Bio, Kusatsu, Japan) according to 

the protocol. Therefore, supernatants were mixed with the concentrator solution and 

incubated at 4 °C for 3 days before centrifugation. In parallel, 6-well culture plates were 

coated with RetroNectin reagent (Takara Bio). Therefore, the stock solution was diluted 

with sterile PBS to a final concentration of 50 µg/ml and 1 ml was added per 6-well. 

Incubation was done according to the protocol, except for an additional washing step 

with PBS before blocking with 2% bovine serum albumin (BSA). 

At the day of transduction, 5x104 target cells (T47D, K5 iMSC or primary MSC) were 

seeded per 6-well of RetroNectin-coated plates in 0.5 ml serum-free medium, the viral 

pellet was resuspended in serum-free medium as well and was directly added to freshly 

seeded cells to a total volume of 1 ml per well. In order to increase transduction 

efficiency, Polybrene Infection/Transfection Reagent (Merck Millipore, Burlington, USA) 

was added to a final concentration of 10 µg/ml. Medium was replaced after 3 - 4 h with 

the respective serum-containing medium, and cells were kept in culture for up to 19 days. 

The timing of splitting and cell harvests differed between individual experiments, 

depending on the growth rate of the respective cells. It was necessary to adapt this timing 

in order to be able to keep cells in a subconfluent state constantly. This applied especially 

to primary MSC, as those tend to show more inter-experimental variations regarding 

proliferation rate and viability after treatment. 

With the system used in this study, lentiviral particles transmitting dCas9-VP64, MS2-

p65-HSF1 and at least one gRNA had to be combined to achieve a functionally 

assembled activation system. In order to reduce cell stress, the transduction process 

was divided into two stages as suggested by Konermann et al. (2015). First, lentiviral 

particles transmitting the sequences of dCAS9-VP64 and MS2-P65-HSF1 were added 

in combination as described above. After 2 days, a second transduction was performed 

with lentiviral particles transmitting the respective gRNAs, which were added to the 

already seeded and previously transduced target cells. Polybrene addition and medium 

change were done as before. 

During establishment of the experimental setup, different other approaches were tested: 

- At first, culture supernatants of HEK-293T cells containing the freshly produced viral 

particles were not used for transductions directly but were frozen at -80 °C for short-

time storage. As this distinctly reduced the efficiency in following transductions, the 

system was changed to direct usage of fresh virus solutions. 
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- As an alternative to the Lenti-X reagent, also polyethylene glycol (PEG) precipitation 

was applied for concentration of viral particles: The following reagents were added per 

ml of virus containing supernatant: 250 µl PEG 8 000 (50%), 106.4 µl NaCl (4 M) and 

114.2 µl 1x PBS. The mixture was incubated at 4 °C for 1.5 h with inverting the tube 

every 20 - 30 min, followed by centrifugation at 7 000 g for 10 min at 4 °C. Supernatant 

was removed completely and 5.88 µl tris(hydroxymethyl) aminomethane hydrochloride 

(Tris-HCl, 50 mM, pH 7.4) were added per ml of initial supernatant volume. Viral pellet 

was resuspended carefully using a vortex mixer. 

- Instead of concentrating the viral particles, also spinofection was tested. In one 

approach, portions of 1 ml non-concentrated viral supernatant were added per 6-well 

and the plate was centrifuged at 4 000 rpm for 20 min at 32 °C. Supernatant was 

replaced and the procedure was repeated five times. Afterwards, 1 ml medium 

containing 5x104 target cells and 1 ml viral supernatant were added per well, and 

centrifugation was repeated at 2 000 rpm for 1 h at 32 °C. 

Apart from that, spinofection was also tried without previous centrifugation of viral 

supernatant alone. 1 ml medium containing target cells was centrifuged together with 

1 ml viral supernatant (2 000 rpm, 1 h, 32 °C). 

Moreover, cells were seeded and grown overnight, before virus was added and the 

plate was centrifuged (2 000 rpm, 1 h, 32 °C). In that case, cells were already adherent 

during centrifugation. 

- Different durations for the incubation of target cells with viral particles were tested, from 

as short as 1 h to overnight incubation. Here, incubation for 3 - 4 h appeared to be 

effective without causing too much cell stress. 

- Polybrene reagent was tested at final concentrations of 1 - 10 µg/ml. 

- As an alternative to Polybrene, also protamine sulfate salt (from herring; Sigma-Aldrich) 

was applied as described by Lin et al. (2012). Final concentrations of 5 - 100 µg/ml 

were tested. 

- The addition of epigenetic inhibitors was tested to rule out the possibility that target 

gene activation was hindered by epigenetic modifications located at the respective 

promoter. Therefore, 1 mM valproic acid (VPA) and 3.5 µM decitabine were used. As 

decitabine was applied after being resuspended in dimethyl sulfoxide (DMSO), DMSO 

was also used for treatment as a solvent control for decitabine. In this case, pure DMSO 

was diluted in the same ratio as the decitabine stock solution, and the same final 

volume was added per well. 
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2.2.7 MTT assay 

In general, MTT assays are applied in order to determine the metabolic activity of living 

cells. They are also an indirect measure of cell viability, as this normally correlates with 

metabolic activity. Active cells metabolize the substance 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), which is accompanied by a color change from yellow 

to purple. 

In this study, MTT assays were utilized for titration of the appropriate amounts of 

antibiotic to be used for selection after lentiviral transductions. To this end, the basal 

antibiotic tolerance of non-resistant cells had to be determined for each cell line 

individually. A titration of the suitable cell number was done previously. 

In case of primary MSC, 96-well plates were seeded with 100 cells in 100 µl volume per 

well and equilibrated for at least 4 h before addition of the antibiotics. Each antibiotic was 

tested in a serial dilution of 11 dilution steps with medium change every 2 - 3 days. Each 

sample was analyzed in triplicate. Analyses were done with the Cell Proliferation Kit I 

(MTT) (Hoffmann-La Roche, Basel, Schweiz) after 14 days. The resulting doses for 

primary human MSC were 10 µg/ml Zeocin, 10 µg/ml Hygromycin B Gold and 1 µg/ml 

Blasticidin (final concentration each). When antibiotics were tested in combination with 

each other, 1 µg/ml Hygromycin B Gold + 1 µg/ml Blasticidin were suitable to kill non-

resistant MSC. 

For T47D cells, the appropriate cell number per 96-well was determined as 800. In the 

antibiotic titration, 50 µg/ml Zeocin, 50 µg/ml Hygromycin B Gold and 5 µg/ml Blasticidin 

(final concentration each) were shown to be suitable for selection of resistant cells. 

2.2.8 Escherichia coli 

2.2.8.1 Cultivation of E. coli 

OneShot TOP10 Chemically Competent E. coli (Invitrogen by Thermo Fisher Scientific) 

were used for amplification of plasmid DNA. Cultivation was done in Luria Broth (LB) 

liquid medium with shaking at 180 rpm and on LB agar plates (both Invitrogen by Thermo 

Fisher Scientific) at 37 °C. Ampicillin (Amp) was added to the media to a final 

concentration of 50 μg/ml. 

2.2.8.2 Transformation of chemically competent E. coli 

OneShot TOP10 Chemically Competent E. coli (Invitrogen by Thermo Fisher Scientific) 

were thawed on ice for about 30 min and were transferred to fresh tubes containing 0.5 - 

1 µg of plasmid DNA. In case of newly cloned plasmids, 5 µl of the ligation mixture were 

applied (see section 2.2.10.3). Further incubation on ice for 30 min was followed by a 
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heat shock at 42 °C for 90 s. The tubes were immediately cooled down on ice for about 

3 min, followed by the addition of 250 μl pre-warmed S.O.C. medium (Invitrogen by 

Thermo Fisher Scientific) and incubation at 37 °C with shaking (180 rpm, 1 h). 

Afterwards, the cell-containing medium was centrifuged at 800 rpm for 3 min, and about 

half of the supernatant was discarded, before cell pellets were carefully mixed in 

remaining medium and distributed on pre-warmed LB agar plates for overnight 

incubation at 37 °C. 

For preservation of successfully transformed E. coli stocks, liquid cultures were mixed 

with glycerol in equal parts and stored at -80 °C. 

2.2.9 Flow cytometry 

(Adapted from Killer et al., 2025) 

Flow cytometric analyses were performed in order to measure surface antigen and turbo 

green fluorescent protein (tGFP) or mCherry expression of target cells and to evaluate 

the immunosuppressive capacities of MSC in the context of T-cell proliferation assays. 

Therefore, cells were detached using a Trypsin/EDTA (0.25%/0.02% (w/v)) solution 

(Biochrom by Merck Millipore, Berlin, Germany) and washed with 1 ml PBS each in 5 ml 

flow cytometry tubes (centrifugation at 500 g for 5 min). The supernatant was discarded, 

and flow cytometric antibodies were added. Samples were mixed briefly using a vortex 

mixer and incubated for 30 min on ice in the dark. Afterwards, samples were washed 

again with PBS and supernatants were discarded. 4′,6-diamidino-2-phenylindole (DAPI) 

fluorescent stain (AppliChem, Darmstadt, Germany) was added for staining of dead cells, 

and samples were measured immediately with a BD LSR II or BD FACSAria III flow 

cytometer (both BD Biosciences) equipped with BD FACSDiva software, version 6.1.3 

and 8.02, respectively. Antibodies used for staining of cell surface markers are listed in 

Table 1. Fluorescence of CFSE, tGFP and mCherry was measured without additional 

antibody staining. 

Data were analyzed with FlowJo v10.6.1 software (FlowJo, BD Life Sciences). The 

gating strategy was as follows: In general, forward scatter (FSC) and side scatter (SSC) 

were used to exclude debris from total measured events. Cell doublets were excluded 

via area-width discrimination of either SSC or FSC, and living cells were detected via 

negative DAPI staining. 

In addition, the lymphocyte population was gated from total PBMC according to its 

position in FSC and SSC. CD4+ as well as CD8+ T-cells were specified from total 

lymphocytes by staining of the respective surface markers (Suppl. Fig. S1). MSC were 

identified as being positive for CD90 but negative for CD45 via antibody staining. 
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In case of axenic cell cultures (e.g., after lentiviral transductions) debris and cell doublets 

were excluded as described, and target genes were analyzed directly. No further 

antibody staining was done, as differentiation between cell types was not necessary in 

these cases. 

Percentages of positive cells for a certain surface antigen were always determined in 

relation to a negative control. Therefore, a threshold was set to contain 1% positive cells 

in the control. This threshold was then transferred to all samples and cells with 

fluorescence intensities above the threshold were defined as positive for the respective 

antigen. An exemplary representation is shown in Fig. 11B. 

FlowJo v10.6.1 software was also applied to calculate the mean fluorescence intensity 

(MFI) of a certain antibody staining as the geometric mean of the respective channel. 

2.2.10 Molecular cloning of recombinant lentiviral transfer plasmids 

(Adapted from Killer et al., 2025) 

2.2.10.1 Annealing of gRNA oligonucleotides 

Respective forward and reverse oligonucleotides of each gRNA had to be annealed 

together before integration in lentiviral plasmids. The mix was as follows: 1 µl of each 

oligonucleotide (100 µM), 1 µl T4 DNA Ligase Reaction Buffer (NEB), 0.5 µl T4 

Polynucleotide Kinase (10 000 units/ml; NEB), 6.5 µl ddH2O. Annealing was done in a 

peqSTAR thermal cycler (Peqlab Biotechnologie, Erlangen, Germany) at 95 °C for 

3 minutes followed by cooling to 12 °C with a 1.5 °C/s ramp. 

2.2.10.2 Enzymatic digestion and purification of plasmid DNA 

DNA digestion was done using type II restriction enzymes from NEB. The plasmids 

lenti sgRNA(MS2)_zeo backbone and PB-UniSAM were digested using the enzymes 

BsmBI and BbsI, respectively. Reaction buffers as well as incubation time and 

temperature were chosen according to the manufacturer’s recommendations. Linearized 

plasmids were purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-

Nagel, Düren, Germany) according to the supplier’s protocol but without agarose gel 

extraction. Columns were heated up to 70 °C before elution for ethanol removal. 

Additionally, ddH2O for elution was heated up to 70 °C before use, and the column was 

heated as well after ddH2O application to increase elution yield. Linearized and purified 

plasmids were stored for a short time at 4 °C or used directly for ligation. 
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2.2.10.3 Ligation 

For ligation of gRNAs into linearized plasmids, approximately 60 ng of purified plasmid 

DNA (section 2.2.10.2), 1 µl annealed gRNA oligonucleotides (section 2.2.10.1), 1 µl 

T4 DNA Ligase Reaction Buffer (NEB) and 1 µl T4 DNA Ligase (400 000 units/ml; NEB) 

were used, and ddH2O was added to a total volume of 10 µl. The mixture was incubated 

in a peqSTAR thermal cycler (Peqlab Biotechnologie) at 16 °C overnight. A reaction 

containing 1 µl ddH2O instead of gRNA oligonucleotides was included in each 

experiment as a negative control. Resulting recombinant plasmids were designated as 

[plasmid name + gRNA name #gRNA number]. 

2.2.10.4 Bacterial PCR 

After transformation of recombinant plasmids in chemically competent E. coli (see 

section 2.2.8.2), promising clones were pre-selected via bacterial PCR. Therefore, 

individual colonies were picked from LB agar plates with a sterile pipet tip and cultured 

in 200 µl LB medium containing Amp in a 96-well at 37 °C with shaking at 200 rpm for at 

least 2 h. 

Afterwards, those liquid cultures were used as templates in a PCR reaction, applying the 

following mixture: 12.5 µl DreamTaq Green PCR Master Mix (Thermo Fisher Scientific), 

0.5 µl of each primer (10 µM), 8.5 µl ddH2O and 3 µl E. coli liquid culture. The primer 

U6_PCR-F was used in combination with the R oligonucleotide of the respective gRNA. 

PCR reactions were run in a peqSTAR thermal cycler (Peqlab Biotechnologie), and the 

following program was used: 1) an initial denaturation step at 95 °C for 3 min, 2) 39 

cycles consisting of denaturation at 95 °C for 30 s, primer annealing at 55 °C for 30 s 

and elongation at 72 °C for 35 s, 3) a final elongation step at 72 °C for 5 min, and 

4) storage for an indefinite time at 12 °C. 

2.2.11 Agarose gel electrophoresis 

Analysis of PCR products was done via agarose gel electrophoresis, using gels made of 

1 - 2% (w/v) agarose in 1x Tris-acetate-EDTA (TAE) buffer. For gel preparation, 1 - 2 g 

agarose (Sigma-Aldrich) was dissolved in 100 ml 1x TAE buffer by heating, the liquid 

was cooled down and 5 µl RedSafe (iNtRON Biotechnology, Seongnam-Si, South 

Korea) were added before pouring into a cast. A comb was placed in the gel while still 

liquid in order to create wells for subsequent loading of samples. 

50x TAE buffer stock was prepared with 121 g Tris-base, 28.55 ml glacial acetic acid 

(C2H4O2) and 50 ml EDTA (0.5 M, pH 8.0) in a total volume of 500 ml ddH2O and diluted 

to a 1x concentration before use. 
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Gel electrophoresis was done at 120 V in 1x TAE buffer. GeneRuler 50 bp/100 bp/1 kb 

DNA ladders (Thermo Fisher Scientific) were applied for comparison of fragment sizes. 

Detection of DNA was done with the ChemiDoc XRS detection system (Bio-Rad 

Laboratories, Hercules, USA) and pictures were taken using Quantity One 4.6.9 software 

(Bio-Rad Laboratories). 

2.2.12 Plasmid preparation from E. coli 

(Adapted from Killer et al., 2025) 

For preparation of small amounts of plasmid DNA (from 2 ml E. coli liquid culture) the 

NucleoSpin Plasmid Kit (Macherey-Nagel) was used according to the protocol for 

“Isolation of low-copy plasmids, P1 constructs, or cosmids”. 

The NucleoBond Xtra Maxi Kit (Macherey-Nagel) was used to prepare larger amounts 

of plasmid DNA (up to 400 ml culture volume). The protocol for “Low-copy plasmid 

purification (Maxi)” was used with the following modifications: The solution was 

centrifuged at 4 500 rpm for 30 min at RT after addition of isopropanol (step 13), and 

centrifugation was performed at 4 500 rpm for 10 min at RT after addition of 70% ethanol 

(step 14). 

Newly cloned recombinant plasmids were then sequenced by Seqlab (Göttingen, 

Germany) in order to confirm the accurate integration of the respective DNA insert. 

Otherwise, plasmids were verified via control digestions according to the 

recommendations of the respective enzyme’s manufacturer. 

2.2.13 Preparation of genomic DNA from human cell lines or primary cells 

(Adapted from Killer et al., 2025) 

For preparation of genomic DNA (gDNA) from cultured cells, the QIAamp DNA Mini kit 

(Qiagen, Hilden, Germany) was used according to the protocol for “DNA Purification from 

Blood or Body Fluids (Spin Protocol)” with regard to “Appendix B: Protocol for Cultured 

Cells”. All gDNA samples were analyzed with a NanoDrop ND 1 000 spectrophotometer 

(Peqlab Biotechnologies) regarding their concentration and purity. 

PCRs with gDNA templates were done applying DreamTaq Green PCR Master Mix 

(Thermo Fisher Scientific). 

2.2.14 RNA preparation from human cell lines or primary cells 

(Adapted from Killer et al., 2025) 

For isolation of total RNA, the NucleoSpin RNA kit (Macherey-Nagel) was used 

according to the protocol for “RNA purification from cultured cells and tissue”. In the end, 
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RNA was eluted in 30 μl RNase-free H2O and stored at -80 °C. Concentration and purity 

of RNA solutions were measured with a NanoDrop ND 1 000 spectrophotometer (Peqlab 

Biotechnologies). 

2.2.15 Reverse transcription of complementary DNA from RNA 

(Adapted from Killer et al., 2025) 

Reverse transcription of complementary DNA (cDNA) from template RNA was done with 

the Omniscript RT kit (Qiagen) following the protocol. Random Hexamer Primer 

(0.2 µg/µl; diluted 1:10) and RiboLock RNase inhibitor (40 units/µl; both Thermo Fisher 

Scientific) were not included in the kit. Unless RNA concentrations were too low, 1 μg 

RNA was utilized for each reverse transcription. 

2.2.16 Quantitative real time PCR 

(Adapted from Killer et al., 2025) 

Analyses of gene expression patterns were done via quantitative real-time PCR 

(qRT-PCR). The mix for each reaction consisted of 10 µl iTaq Universal SYBR Green 

Supermix (Bio-Rad Laboratories), 0.6 µl of each F and R primer, 7.8 µl water for 

molecular biology (Merck Millipore), and 1 µl cDNA (see section 2.2.15). A reference 

cDNA sample was included in each approach, which had been previously generated via 

reverse transcription of Human Reference Total RNA (Agilent Technologies, Santa 

Clara, USA). This was done in order to enable comparability between experiments. 

Samples were analyzed in duplicate. Reference gene and target genes were analyzed 

in separate wells (no duplexing). All qRT-PCRs were run on an Eppendorf Mastercycler 

ep gradient realplex2 (Eppendorf, Hamburg, Germany). The program applied was as 

follows: 1) initial denaturation at 95 °C for 10 min, 2) 45 cycles each consisting of 

denaturation at 94 °C for 15 s, primer annealing at 58 °C for 30 s and elongation at 72 °C 

for 30 s, and 3) generation of a melting curve by heating to 95 °C for 10 s, rapid cooling 

to 58 °C for 15 s and slow heating to 95 °C within 20 min, followed by a final incubation 

at 95 °C for 15 s. Analyses of data were done with Microsoft Excel 365 (Microsoft, 

Redmond, USA). Relative quantification of data was done by subtracting expression 

levels of the reference gene human glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) from levels of the target gene for each sample and subsequent normalization 

to a control sample according to the 2-ΔΔCt method (Livak and Schmittgen, 2001). For 

evaluation and graphical representation of technical replicates, 2-ΔΔCt was calculated 

individually for each replicate (i.e., CT values were not averaged per sample). Only ΔCt 

values of the control sample were averaged and subtracted from each individual replicate 

ΔCt of the other samples. Statistical analyses and graphical representation were done 



Material and Methods 

39 

using GraphPad Prism 10.2.3 and 10.5.0, respectively (GraphPad Software, San Diego, 

USA). For experiments with one biological replicate (n=1), standard deviation (SD) of 

technical replicates is shown. For experiments with two or more biological replicates 

(n≥2), SD of biological replicates is shown, with individual values indicated by symbols. 

All primer pairs used were previously tested regarding their efficiency and optimal 

annealing temperature via qRT-PCR standard curve and temperature gradient PCR, 

respectively. 

2.2.17 Chromatin immunoprecipitation 

(Adapted from Killer et al., 2025) 

Chromatin immunoprecipitation (ChIP) was applied in order to analyze protein-DNA-

interactions. In brief, living cells were fixed to cross-link DNA with associated proteins. 

The resulting DNA-protein complexes were sheared to gain smaller fragments. 

Antibodies specific for the proteins of interest were used to immunoprecipitate DNA 

fragments associated with these proteins from the pool of different fragments. The 

amount of specific DNA regions present was determined via quantitative PCR (qPCR). 

The detailed experimental procedure was as described by Legrand et al. (2019). 

In this study, the four promotors of human CIITA were analyzed in view of markers for 

active gene transcription. Antibodies and primers used are listed in Table 1 and Table 3, 

respectively. Evaluation was done in three technical replicates per sample. 

ChIP experiments were conducted in collaboration with Dr. Till Adhikary, Institute for 

Molecular Biology and Tumor Research, Philipps-Universität Marburg, Marburg, 

Germany. 

2.2.18 Protein isolation 

(Adapted from Killer et al., 2025) 

For isolation of proteins, plates with cells were kept on ice. Cells were washed with PBS 

and detached from the plastic using Trypsin/EDTA. Cells were pelleted from the solution 

by centrifugation (300 g, 5 min), washed another time with PBS and resuspended in 

radioimmunoprecipitation assay (RIPA) buffer freshly supplemented with protease and 

phosphatase inhibitors. Tubes were placed on ice for 35 min with gentle shaking for cell 

lysis. Cell debris was separated by centrifugation (14 000 g, 15 min, 4 °C), and 

supernatants were collected and stored at -80 °C. 

RIPA buffer was prepared with 790 mg Tris base and 900 mg NaCl in 75 ml H2O, and 

pH was adjusted to 7.4 with hydrochloride (HCl). 10 ml nonyl phenoxypolyethoxyl ethanol 
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(NP-40, 10%) and 2.5 ml sodium deoxycholate (C24H39NaO4, 10%) were added. The 

solution was stirred until clear and was complemented with 1 ml EDTA (100 mM). H2O 

was lastly added to a total volume of 100 ml. 1 mM phenylmethyl-sulfonyl fluoride 

(PMSF), 2.5 mM sodium orthovanadate (Na3VO4, pH 10.0), 2.5 μg/ml leupeptin and 

1 μg/ml pepstatin were added before use. 

Concentrations of protein solutions were determined via bicinchoninic acid (BCA) assays 

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to the 

supplier’s instructions. Protein solutions were diluted 1:10 with ddH2O for measurement 

and each sample was analyzed in duplicate using a Tecan Sunrise absorbance reader, 

provided with Magellan data analysis software (Tecan Group, Männedorf, Switzerland). 

A BSA standard curve was included in each measurement to calculate the samples’ 

protein concentrations. 

2.2.19 Western Blot 

(Adapted from Killer et al., 2025) 

2.2.19.1 Gel electrophoresis 

Sodium dodecyl sulfate (SDS) polyacrylamide gels were assembled as follows: The 

resolving gel was prepared first and poured between two thin glass plates, while still 

liquid. Isopropanol was added on top to even the gel surface. When the resolving gel 

had solidified, isopropanol was taken off and the liquid stacking gel was added on top. A 

comb was placed in the gel while still liquid in order to create wells for later loading of 

protein samples. 

Protein samples were supplemented with 5x Laemmli buffer on ice, mixed using a vortex 

mixer and incubated at 95 °C for 5 min. The mixture was centrifuged at 11 000 g for 

2 min and kept on ice until being loaded on the hardened SDS polyacrylamide gel. 5 μl 

PageRuler Prestained Protein ladder (Thermo Fisher Scientific) was used as a reference 

for protein sizes. The gel was run at 80 V for initial sample loading and afterwards at 

150 V for about 1.5 h in 1x SDS running buffer. 

The resolving gel was prepared with 1.3 ml Tris-HCl (1.5 M, pH 8.8), 25 μl SDS (20%), 

1.5 ml acrylamide/bisacrylamide solution (40% (w/v), 37.5:1; Roth), 2.1 ml ddH2O, 49 μl 

ammonium persulfate (APS, 12%) and 2 μl tetramethylethylenediamine (TEMED). The 

amount of acrylamide/bisacrylamide solution was chosen in order to achieve a final 

concentration of 12% (v/v). The stacking gel was prepared with 630 μl Tris-HCl (1 M, 

pH 6.8), 25 μl SDS (20%), 625 μl acrylamide/bisacrylamide solution (40% (w/v), 37.5:1), 

3.7 ml ddH2O, 49 μl APS (12%) and 5 μl TEMED. 
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5x Laemmli buffer was made with 4 ml Tris-Cl (1.5 M, pH 6.8), 1 ml bromophenol blue 

(1%), 10 ml glycerol, 2 g SDS and 5 ml β-mercaptoethanol. Aliquots were stored 

at -20 °C. A 10x stock of SDS running buffer was prepared with 30.3 g Tris-base, 144 g 

glycine, 10 g SDS and ddH2O to a total volume of 1 l. It was diluted with ddH2O to a 1x 

concentration before use. 

2.2.19.2 Protein transfer 

After the run, the gel was moistened with blotting buffer. Blot paper (Bio-Rad 

Laboratories) and a Protran BA83 nitrocellulose membrane (Whatman, Dassel, 

Germany) were cut according to the size of the gel, the membrane was soaked in ddH2O, 

and both were then equilibrated in blotting buffer. Both components were arranged 

together with the gel in a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad Laboratories) 

as follows: Two sheets of blot paper, the nitrocellulose membrane, the gel and two 

additional sheets of blot paper on top. The system was run at 70 mA for 1 h. 

Blotting buffer was prepared with 3.02 g Tris-base, 14.41 g glycine, 100 ml methanol and 

ddH2O to a total volume of 1 l. 

2.2.19.3 Total protein staining and blocking 

After Western hybridization, the nitrocellulose membrane was stained with Ponceau S 

solution (Roth) in order to visualize protein bands and to facilitate cutting of the 

membrane according to the ladder. The membrane was rinsed afterwards with ddH2O 

and was blocked in Tris-buffered saline + Tween 20 (TBS-T) supplemented with 5% 

(w/v) fat-free milk powder for 2 h at RT with gentle shaking. 

A 10x stock of Tris-buffered saline (TBS) was prepared with 60.5 g Tris, 87.6 g NaCl and 

ddH2O to a total volume of 1 l, and pH was adjusted to 7.5 with HCl. The stock solution 

was diluted with ddH2O to a 1x concentration before use and 0.1% (v/v) Tween 20 was 

added in order to make 1x TBS-T. 

2.2.19.4 Immunostaining 

Horseradish peroxidase (HRP) conjugated primary antibodies were added to the 

membrane, each diluted in TBS-T supplemented with 5% (w/v) fat-free milk powder. 

Three different antibodies were used (Table 1): A mouse anti-human β-actin antibody 

was applied in 1:5 000 dilution, whereas a rabbit anti-human NF-κB p65/RelA antibody 

and a mouse anti-S. pyogenes Cas9 antibody were both diluted 1:1 000. Incubation of 

the membrane with primary antibodies was done overnight at 4 °C with gentle shaking. 

It was subsequently washed three times with TBS-T for 10 min under gentle shaking. 
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Secondary antibodies used were diluted in TBS-T supplemented with 5% (w/v) fat-free 

milk powder as well. For detection of β-actin, a goat anti-mouse IgG/HRP antibody was 

used diluted 1:15 000. The same secondary antibody was applied for Cas9, but in a 

1:2 000 dilution. For NF-κB p65/RelA, a goat anti-rabbit IgG/HRP antibody was diluted 

1:2 000. Each section of the membrane was incubated with the corresponding secondary 

antibody for 2 h at RT with gentle shaking. The membrane was again washed three times 

with TBS-T and excess liquid was removed. 

2.2.19.5 Detection 

Amersham ECL Western Blotting Detection Reagent (GE Healthcare Life Sciences) was 

added, and the membrane was incubated for 5 min in the dark. In a final step, the 

membrane was exposed to an X-ray film (Amersham Hyperfilm ECL, GE Healthcare Life 

Sciences) for 5 s - 5 min, which was then developed using an SRX-101A X-ray film 

processor (Konica Minolta, Tokyo, Japan). 

2.3 Statistical analyses 

(Adapted from Killer et al., 2025) 

Statistical analyses were done with GraphPad Prism 10.2.3 (GraphPad Software). For 

comparison of the means of one variable in two samples, Student’s t-test was applied. 

Calculated p values are represented as follows: Not significant (ns) p>0.05, * p≤0.05, 

** p≤0.01, *** p≤0.001. 

In all graphical representations of data, mean and SD are shown. Individual values are 

shown for biological replicates. SD values are indicated in the text for analyses involving 

biological replicates. 

2.4 Software 

(Adapted from Killer et al., 2025) 

The crispr.mit.edu online design tool (Feng Zhang lab, Massachusetts Institute of 

Technology) as well as the Custom Alt-R CRISPR-Cas9 guide RNA design tool 

(Integrated DNA Technologies) were applied for gRNA design. Target sequence 

specificity of all gRNAs and primers was additionally verified using the Primer-BLAST 

online tool (Ye et al., 2012). 

Analyses of qRT-PCR data were done with Microsoft Excel 365 (Microsoft). Statistical 

analyses and graphical representation of data were done using GraphPad Prism 10.2.3 

and 10.5.0, respectively (GraphPad Software). Data from flow cytometry were evaluated 

using FlowJo v10.6.1 software (FlowJo). Final assembly of figures was done with 

Microsoft PowerPoint 365 (Microsoft). 
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3 Results 

3.1 Establishment of a protocol for lentiviral transduction of primary MSC 

The first part of this project was to establish a protocol that enables the efficient lentiviral 

transduction of primary human MSC and thereby gene activation using the CRISPR/ 

Cas9 SAM system (Konermann et al., 2015). In order to develop such a protocol, 

different established approaches were tested, e.g., centrifugation of the well plates 

containing target cells and viral particles, or the addition of inducing agents. All 

approaches that were tested but were shown to be ineffective are listed in the Methods 

segment, section 2.2.6 (Killer et al., 2025). In order to simplify the process of protocol 

establishment, viral particles transmitting the tGFP gene were initially used. This 

facilitated the evaluation process, as successfully transduced target cells were 

detectable by fluorescence microscopy or flow cytometry. When the working 

concentrations of transduction enhancers were determined for MSC, cells were counted 

using a hemocytometer and Trypan Blue solution in order to verify that an adequate 

number of cells survived the procedure. Besides MSC, also the human breast cancer 

cell line T47D was included as a positive control for the establishment of lentiviral 

transductions, as immortalized cells are conventional targets for genetic engineering and 

can be expected to respond more consistently than primary cells. 

After successful transduction of the tGFP gene in primary MSC and T47D cells, the 

procedure was switched to the more complex CRISPR/Cas9 SAM system, and the 

protocol was adapted accordingly. The finally established protocol is explained in detail 

in section 2.2.6. In brief, lentiviral particles were produced by transfection of HEK-293T 

cells and were concentrated using a commercially available concentrator solution. The 

transduction was done by incubation of target cells and viral particles in serum-free 

media and with application of the transduction enhancers RetroNectin and Polybrene. 

As the SAM system consists of three different components, the transduction process 

was divided into two separate stages to increase the efficiency (Killer et al., 2025). 

Successful integration and expression of the SAM system itself was verified by detection 

of its components in the target cells on DNA and protein level. Initially, genomic 

integration of the dCas9-VP64 and MS2-P65-HSF1 sequences was validated in 

transduced MSC via PCR and agarose gel electrophoresis. Clear signals for both 

sequences were observed in genomic DNA (gDNA) of primary MSC after transduction 

and antibiotic selection as compared to the respective lentiviral plasmids (positive 

control). Besides, the primer pair for detection of dCas9-VP64 showed an unspecific 

signal in the control gDNA sample from MSC but not in the H2O control. This signal could 
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be distinguished by its slightly smaller size and was exceeded in intensity by the bands 

observed for transduced cells and the plasmid control (Fig. 5A; Killer et al., 2025). 

 

 
Additionally, actual synthesis of the dCas9-VP64 and MS2-p65-HSF1 fusion proteins 

was verified via Western Blot analysis of protein samples from transduced MSC. Protein 
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Fig. 5: Confirmation of genomic integration and protein expression of the 
components of the CRISPR/Cas9 SAM system in primary MSC. 

Lentiviral transduction of the CRISPR/Cas9 SAM system in MSC. Viral particles were 
produced using HEK-293T cells. Therefore, 3.5x106 HEK-293T cells were seeded per 
10 cm-dish and transfected the next day using calcium phosphate (section 2.2.4.1). 
Cells were cultured for 3 days before being harvested for protein isolation. Next, 5x104 
primary human MSC were seeded per 6-well of RetroNectin-coated plates in serum-
free medium, and viral particles were added together with Polybrene reagent for 3.5 h 
before medium was changed. Antibiotic selection was done with 1 µg/ml Hygro-
mycin B Gold and 1 µg/ml Blasticidin. Cells were harvested after 19 days and were 
subjected to gDNA and protein preparation. (A) PCR analysis of gDNA samples from 
transduced MSC was done in order to identify dCas9-VP64 and MS2-P65-HSF1 
sequences. The respective lentiviral plasmids (lenti dCAS-VP64_Blast and lenti MS2-
P65-HSF1_Hygro) were used as positive controls (“Plasmid”). PCR preparations with 
samples from untreated cells (“Control”) as well as water instead of gDNA (“H2O”) 
were used as negative controls. Expected sizes of the PCR products were 460 bp for 
dCas9-VP64 and 831 bp for MS2-P65-HSF1. A 100 bp DNA ladder was used for 
comparison of band sizes. One representative analysis is shown. (B) Western Blot 
analysis of transduced MSC was done in order to verify expression of dCas9-VP64 
and MS2-P65-HSF1 proteins. Samples from transiently transfected HEK-293T cells 
used for lentivirus production were applied as positive controls. Untreated MSC and 
HEK-293T cells were used as negative controls (“Control”). The analysis was carried 
out with anti-Streptococcus pyogenes Cas9, anti-human NF-κB p65 and anti-human 
β-actin antibodies. Detection of β-actin was utilized as a loading control. Protein sizes 
were compared to bands of a protein ladder (marked in green), whose band sizes are 
indicated on the left. Expected band sizes were 165 kDa for dCas9-VP64, 
100<130 kDa for MS2-p65-HSF1, 65 kDa for wild type p65, and 42 kDa for β-actin 
(Killer et al., 2025; via CC-BY-4.0; https://creativecommons.org/licenses/by/4.0/). 
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from transiently transfected HEK-293T cells served as a positive control. In these cells, 

high levels of both proteins were detected. In contrast, in MSC, a slighter protein band 

for the activator fusion protein was detected, whereas no signal was observed for dCas9-

VP64. Besides, as an anti-NF-κB p65 antibody was used for detection of MS2-p65-

HSF1, also naturally occurring wild-type p65 was detected in all samples (Fig. 5B; Killer 

et al., 2025). 

3.2 Gene overexpression of CEBPA in established cell lines and primary MSC 

The human CEBPA gene was chosen as a control target gene for establishment of the 

SAM in primary MSC, as it is upregulated by MSC upon adipogenic differentiation, and 

its successful induction via the SAM system had been reported for an immortalized MSC 

line (Nakamura et al., 2003; Furuhata et al., 2017). 

After molecular cloning of three different gRNA oligonucleotides targeting the promoter 

of CEBPA (designated “gRNA_CEBPA”) into lentiviral transfer plasmids, the efficiency 

of these gRNAs was initially tested via transient transfection of HEK-293T cells. 

Therefore, the plasmid containing the respective gRNA was combined with the plasmids 

encoding the dCas9-VP64 fusion protein and the MS2-p65-HSF1 activator helper 

complex. All samples were analyzed via qRT-PCR. In case of individual gRNA 

application, the highest gene expression levels of CEBPA were observed with 

gRNA_CEBPA #1 and #3, as these achieved an induction of 6.7-fold and 5.1-fold, 

respectively, when compared to the non-targeting gRNA_Control. In contrast, no effect 

was observed with gRNA_CEBPA #2 alone. Beyond that, the gRNAs showed a clear 

additive effect, as combined application of all three gRNAs increased the effectivity to a 

12.9-fold induction (Fig. 6A; Killer et al., 2025). 

The observations gained from subsequent lentiviral transduction of the SAM system in 

T47D cells showed similar tendencies to the previous results from HEK-293T cells, as 

gRNA_CEBPA #1 and #3 showed clear effects on CEBPA expression with 6.3-fold and 

16.2-fold activation, respectively. Transduction with gRNA_CEBPA #2 alone did not 

increase expression levels, but again, the pooling of all three gRNAs had an additive 

effect, leading to a 24.5-fold gene activation (Fig. 6B; Killer et al., 2025). 

Lentiviral transduction of the SAM system was also done in primary human MSC. Again, 

there was no measurable effect when gRNA_CEBPA #2 was used individually. Gene 

activation was effective with gRNA_CEBPA #3, as expression was induced 2.8-fold. In 

contrast to the previous observations from established cell lines, application of 

gRNA_CEBPA #1 and the gRNA pool resulted in similar gene activation, namely 

13.9-fold and 13.7-fold, respectively (Fig. 6C; Killer et al., 2025). 
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In summary, induction of the control target gene CEBPA could be achieved with two of 

the three tested gRNAs in two different cell lines as well as primary MSC. An additive 

effect was achieved with pooled application of all three gRNAs in the established cells. 
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Fig. 6: Activation of CEBPA gene expression in cell lines and primary MSC. 

The CRISPR/Cas9 SAM system was applied to activate CCAAT/enhancer-binding 
protein alpha (CEBPA) gene expression in different cell types. Three different guide 
RNAs (gRNAs) targeting the promoter of CEBPA were used separately as well as in 
combination (“#1-2-3”), and a non-targeting gRNA was used as a negative control 
(not shown). Samples were subjected to RNA preparation, cDNA transcription and 
qRT-PCR analyses. Gene expression levels of CEBPA were normalized to those of 
human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for each sample. 
Expression levels for each targeting gRNA are represented as fold-change of those 
of the negative control. (A) Transient transfection of the SAM system in HEK-293T 
cells: 3x105 cells were seeded per 6-well and transfected the next day using calcium 
phosphate. Cells were cultured for 3 days before being harvested. (B, C) Lentiviral 
transduction of the SAM system in (B) T47D cells and (C) primary human MSC: Viral 
particles were produced using HEK-293T cells as described in section 2.2.4.1. Next, 
5x104 target cells were seeded per 6-well of RetroNectin-coated plates in serum-free 
medium, and viral particles were added together with Polybrene reagent for 3 - 4 h 
before medium was changed. Cells were harvested after 9 days. (A, B, C) (n=1). 
Error bars represent SD of two technical replicates. Mean values are indicated 
(adapted from Killer et al., 2025; via CC-BY-4.0; https://creativecommons.org/ 
licenses/by/4.0/). 
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3.3 The effects of IFN-γ treatment on CIITA and HLA-DR expressed by 

MSC and other cell types 

As one of the main objectives of this project was to activate the expression of CIITA and 

thereby HLA-DR in primary MSC, it was first investigated under which conditions these 

genes are inducible in a natural context. Stimulation with IFN-γ was considered, as it is 

reported to induce HLA-DR protein expression in human MSC (Romieu-Mourez et al., 

2007). When MSC were treated with different doses of IFN-γ, expression levels of CIITA 

as well as HLA-DR were enhanced in a dose-dependent manner. Gene expression was 

induced up to 107.7-fold for CIITA and 59.5-fold for HLA-DR with the highest dose of 

100 units/ml IFN-γ, when compared to the respective basal expression levels of 

untreated cells (Fig. 7A; Killer et al., 2025). 

For a comparison with another type of primary cells, peripheral blood mononuclear cells 

(PBMC) were included in the analysis. These cells were much less susceptible towards 

gene induction with IFN-γ than MSC. Compared to untreated PBMC, expression of CIITA 

as well as HLA-DR was merely doubled, independently of the applied IFN-γ dosage 

(Fig. 7B; Killer et al., 2025). This was interesting, considering that the basal expression 

levels of both target genes were distinctly higher in PBMC than in MSC in direct 

comparison (CIITA 664.0-fold and HLA-DR 1 064.6-fold compared to MSC; Suppl. 

Fig. S2A; Killer et al., 2025). 

In order to gain further insights into the dynamics of IFN-γ-mediated activation of CIITA 

gene expression, a time course experiment was carried out. Therefore, MSC, PBMC and 

T47D cells were treated with IFN-γ, and CIITA expression was evaluated between 1 h 

and 24 h of treatment. The basal level of CIITA in untreated cells was similar in MSC and 

T47D cells but was 118.3-fold higher in PBMC (compared to MSC; Suppl. Fig. S2B). In 

line with previous observations, CIITA expression of PBMC was hardly altered by IFN-γ. 

However, for MSC and T47D cells, the expression level of CIITA was clearly induced 

with treatment duration. At 4 h after treatment start, CIITA expression peaked at 65.2-fold 

in MSC and 86.1-fold in T47D, compared to the respective untreated cells. After 24 h of 

treatment, gene expression levels had decreased in both cell types (Fig. 7C; Killer et al., 

2025). An additional control with untreated cells was harvested after 24 h to rule out the 

possibility of an induced gene expression of CIITA due to longer cultivation time. In this 

case, no difference to the earlier harvested control was observed for all cell types (data 

not shown). 

Taken together, both primary MSC and T47D cells exhibited similarly low basal gene 

expression levels of CIITA in contrast to PBMC. Moreover, also the capacity of CIITA 
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induction upon treatment with exogenous IFN-γ was similar in MSC and T47D cells, while 

PBMC were barely susceptible to IFN-γ-mediated activation of CIITA expression. 

 

 

3.4 Usage of the four promoters of human CIITA during IFN-γ-mediated 

gene activation 

Transcriptional regulation of CIITA is mediated by the existence of four separate 

promoters, which can be differentially active depending on cell type or external 

stimulation. For instance, promoter I (pI) is mainly active in dendritic cells, while CIITA 
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Fig. 7: Effects of IFN-γ treatment on CIITA and HLA-DR gene expression in 
different cell types. 

Cells were treated with interferon gamma (IFN-γ) in order to analyze its effect on the 
expression levels of class II transactivator (CIITA) and the DR isotype of human 
leukocyte antigen (HLA-DR). Samples were subjected to RNA preparation, cDNA 
transcription and qRT-PCR analyses, and target gene expression levels were 
normalized to those of human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
for each sample. (A, B) 1x106 primary human (A) MSC and (B) PBMC were treated 
with IFN-γ at concentrations of 10 - 100 units/ml for 2 days. Target gene expression 
levels are represented as fold-change of those of untreated control cells (not shown). 
(C) Time course of CIITA expression under IFN-γ treatment: 1x106 MSC, PBMC and 
T47D cells were treated with 100 units/ml IFN-γ for different durations (1 - 24 h). 
Untreated cells were harvested after 4 h in culture. Values for each cell type are 
represented as fold-change of those of the corresponding untreated cells (time point 
“0 h”). (A, B, C) (n=1). Error bars represent SD of two technical replicates. Mean 
values are indicated (adapted from Killer et al., 2025; via CC-BY-4.0; 
https://creativecommons.org/licenses/by/4.0/). 



Results 

49 

transcription from promoter III (pIII) is predominantly observed in B-cells. Promoter IV 

(pIV) is regarded as the main IFN-γ-inducible promoter of CIITA, although an additional 

responsiveness to IFN-γ is reported for pIII (Muhlethaler-Mottet et al., 1997; Piskurich et 

al., 1999). 

As described above, IFN-γ had a clearly inducing effect on CIITA expression levels in 

MSC as well as T47D cells. Therefore, a chromatin immunoprecipitation (ChIP) analysis 

was carried out in order to verify which of the four promoters of CIITA is responsive to 

IFN-γ treatment in the different cell types applied and to gain a better understanding of 

the dynamics of natural CIITA activation in these cells (Dr. Till Adhikary, Institute for 

Molecular Biology and Tumor Research, Philipps-Universität Marburg, Marburg, 

Germany). 

As mRNA is expressed temporally delayed after activation of gene expression, cells had 

to be harvested before the observed peak of CIITA mRNA levels. Thus, IFN-γ treatment 

was done for 2 h, as this was shown to be an early time point in the course of CIITA 

induction (Fig. 7C; Killer et al., 2025). MSC, PBMC and T47D cells were treated with 

IFN-γ, and ChIP was done using antibodies directed against different markers for active 

gene transcription, namely binding of RNA polymerase II (RNAPII) as well as tri-

methylation of the 4th lysine residue (H3K4me3) and acetylation of the 27th lysine residue 

(H3K27ac) of histone H3. Evaluation was done via qPCR with primers targeting the four 

promoter regions of CIITA. 

The ChIP-qPCR results are shown in Fig. 8 (Killer et al., 2025). At pI, none of the markers 

could be clearly detected in any of the cell lines tested (Fig. 8A). Promoter II (pII) showed 

an induction of the H3K27ac signal and slightly induced binding of RNAPII in MSC under 

IFN-γ treatment. For PBMC, the H3K27ac signal was similar in IFN-γ-treated and 

untreated samples, but at the same time H3K4me3 was not induced (Fig. 8B). A distinct 

H3K4me3 signal at pIII was only detected in PBMC. Slight signal induction was observed 

for RNAPII binding, H3K4me3 and H3K27ac in MSC treated with IFN-γ (Fig. 8C). The 

strongest H3K4me3 signals were observed at pIV for each cell type, in treated as well 

as untreated cells. In addition, H3K27ac was observed in MSC and PBMC, regardless 

of treatment, and slightly in IFN-γ-treated T47D cells. Moreover, signals for RNAPII 

binding at pIV were induced in MSC and T47D cells under IFN-γ treatment (Fig. 8D). 

In summary, T47D cells and MSC responded similarly to IFN-γ treatment with regard to 

CIITA upregulation. This applied especially to pIV, where RNAPII binding was induced 

by IFN-γ in both cell types. In line with previous observations (section 3.3, Fig. 7B 

and C; Killer et al., 2025), PBMC did not show clear signs of an activated expression of 

CIITA in response to treatment with IFN-γ. 
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Fig. 8: Chromatin immunoprecipitation analysis of the four promoters of 
CIITA. 

MSC and T47D cells were grown in 175 cm2-flasks until confluent (3 - 5 days). PBMC 
were freshly isolated from donor blood, stimulated with anti-human CD3 and CD28 
antibodies and grown overnight in 75 cm2-flasks. All cell types were then treated with 
100 units/ml interferon gamma (IFN-γ) for 2 h. Untreated cells were cultured in 
parallel and used as negative controls (“w/o”). Living cells were fixed, and resulting 
DNA-protein-complexes were sheared into smaller fragments. Antibodies directed 
against three different markers for active gene transcription were used for the 
immunoprecipitation: The recruitment of RNA polymerase II represented by detection 
of the C-terminal domain of its subunit B1 (“α-RPB1 CTD (RNAPII)”), tri-methylation 
of the 4th lysine residue of histone H3 (“α-H3K4me3”), and acetylation of the 27th lysine 
residue of histone H3 (“α-H3K27ac”). An anti-immunoglobulin G antibody was used 
as a negative control (“IgG”). Quantitative PCRs were done with primers targeting the 
four promoters of the CIITA gene. Signal intensities of IgG, RNAPII binding, 
H3K4me3, and H3K27ac at (A) promoter I, (B) promoter II, (C) promoter III and 
(D) promoter IV of CIITA are represented as % of input. (A, B, C, D) (n=1). Error bars 
represent SD of three technical replicates. Mean values ≥0.5 are indicated (Dr. Till 
Adhikary, Institute for Molecular Biology and Tumor Research, Philipps-Universität 
Marburg, Marburg, Germany; adapted from Killer et al., 2025; via CC-BY-4.0; 
https://creativecommons.org/licenses/by/4.0/)). 
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3.5 The effect of IFN-γ treatment on HLA-DR protein expression of 

primary human MSC 

In order to corroborate that IFN-γ-mediated activation of CIITA gene expression actually 

results in upregulation of HLA-DR protein on the cell surface, MSC were evaluated by 

flow cytometry after IFN-γ treatment. Consistent with previous experiments, MSC were 

treated with IFN-γ for 2 h but also for 5 days permanently to see possible long-term 

effects. All cells were harvested after a total cultivation time of 5 days. As depicted in 

Fig. 9A, treatment with IFN-γ for 2 h was sufficient to elicit a strong induction of surface 

HLA-DR, compared to untreated MSC. Moreover, cells that were cultured with IFN-γ for 

5 days exhibited an even higher amount of surface HLA-DR per cell (Killer et al., 2025). 

The difference in protein levels was quantified as the mean fluorescence intensity (MFI) 

of the fluorophore used for labeling of anti-HLA-DR antibodies (PerCP). MFI was induced 

7.8-fold after 2 h and 17.5-fold after 5 days of treatment, compared to untreated cells 

(Fig. 9B; Killer et al., 2025). 

 

 
These data illustrate that IFN-γ-mediated activation of CIITA gene expression was 

indeed accompanied by a strong induction of HLA-DR protein levels on the cell surface 

of primary human MSC. Longer incubation with IFN-γ further increased the amount of 

surface HLA-DR. 
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Fig. 9: Effects of IFN-γ treatment on HLA-DR protein expression of primary 
MSC. 

First, 2.5x104 primary human MSC were equilibrated overnight. Next, 100 units/ml 
interferon gamma (IFN-γ) were either added to the culture permanently (“IFN-γ (5 d)”) 
or used as a pre-treatment for 2 h before medium was changed and cells were further 
grown without presence of IFN-γ (“IFN-γ (2 h)”). Untreated MSC were used as a 
control. All cells were cultured for 5 days before protein levels of the DR isotype of 
human leukocyte antigen (HLA-DR) were measured. (A) Flow cytometric analysis of 
HLA-DR surface protein. (B) Quantification of panel A. The mean fluorescence 
intensity (MFI) of the PerCP channel (HLA-DR) is represented as fold-change of the 
MFI of untreated control cells. (A, B) (n=1) (adapted from Killer et al., 2025; via CC-
BY-4.0; https://creativecommons.org/licenses/by/4.0/). 
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3.6 The effect of IFN-γ treatment on the immunomodulatory capacities of 

primary human MSC 

Based on previous observations, the impact of IFN-γ on the immunomodulatory 

capacities of MSC was investigated. To verify if elevated levels of surface HLA-DR during 

treatment indeed translate to an altered immunomodulation, T-cell proliferation assays 

were carried out as follows: MSC were treated permanently or pre-treated with IFN-γ as 

described in section 3.5 and co-cultured with 5,6-carboxyfluorescein succinimidyl ester 

(CFSE)-stained PBMC from three different donors in parallel. Proliferation of T-cells was 

induced using anti-human CD3 and CD28 antibodies. After 5 days, the amount of CFSE 

per cell was measured in the PBMC population via flow cytometry and plotted for CD4+ 

as well as CD8+ T-cells. As the number of fluorescent conjugates per cell is halved with 

each cell division, a lower CFSE signal intensity reflects more cell proliferation in the 

respective sample (see section 2.2.5 for further details). In general, results were similar 

for CD4+ and CD8+ T-cells: Stimulation of T-cell proliferation was generally successful 

as shown by the positive and negative controls, and IFN-γ treatment of PBMC alone did 

not affect T-cell proliferation significantly. Moreover, T-cell proliferation was inhibited 

during co-culture with untreated MSC in comparison to the positive control. In contrast, 

pre-treatment of MSC with IFN-γ resulted in a reduced inhibition, as T-cells proliferated 

more than during co-culture with untreated MSC. Permanent addition of IFN-γ to the 

co-culture for 5 days also reduced the immunosuppressive capacities of MSC, although 

to a lesser extent than the pre-treatment. A representative plot depicting the flow 

cytometric analysis of T-cells from one donor is shown in Fig. 10A. The difference in cell 

proliferation was quantified as the MFI of CFSE fluorescence. Compared to the 

respective positive control, the mean change in MFI (±SD) was 4.6-fold (±1.0) for CD4+ 

and 4.8-fold (±1.5) for CD8+ T-cells after co-culture with untreated MSC, but it was 

significantly reduced to 1.5-fold (±0.3) for CD4+ and 1.3-fold (±0.2) for CD8+ T-cells when 

MSC were pre-treated with IFN-γ. Permanent addition of IFN-γ to the co-culture for 

5 days resulted in a mean (±SD) change in MFI of 3.1-fold (±1.5) for CD4+ and 2.8-fold 

(±1.2) for CD8+ T-cells, in comparison to the MFI of the positive control (Fig. 10B). 

In addition, MSC-mediated suppression of T-cell proliferation was determined according 

to the proliferation of cells in the respective positive and negative controls (see 

section 2.2.5). Percental T-cell suppression mediated by untreated MSC ranged from 

9.8 - 29.6% for CD4+ and from 8.3 - 22.1% for CD8+ T-cells (data not shown). As MSC-

mediated T-cell suppression is known to be highly variable between cells from different 

donors (Killer et al., 2017), the impact of treated MSC was calculated as fold-change in 

relation to untreated MSC. When MSC were pre-treated with IFN-γ, their mean (±SD) 

capacity for T-cell suppression was reduced to 0.4-fold (±0.0) for CD4+ and 0.1-fold 
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(±0.1) for CD8+ T-cells, compared to untreated MSC. Also when IFN-γ was left in the 

medium for 5 days, MSC-mediated T-cell suppression was reduced, although to a lesser 

extent with 0.7-fold (±0.1) for CD4+ and 0.5-fold (±0.3) for CD8+ T-cells (Fig. 10C). 
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Fig. 10: Effects of IFN-γ treatment on immunomodulatory capacities of primary 
MSC. 

First, 5x104 MSC were equilibrated overnight, before being co-cultured with 1x106 
5,6-carboxyfluorescein succinimidyl ester (CFSE)-stained PBMC from three different 
donors in parallel. Permanent treatment and pre-treatment of MSC with IFN-γ was 
done as described for Fig. 9. Proliferation of T-cells was stimulated using anti-human 
CD3 and CD28 antibodies. Three controls were included, in which PBMC were 
cultured without presence of MSC: 1) A negative control with unstimulated cells, 2) a 
positive control, in which T-cells were stimulated and 3) a preparation, in which T-cells 
were stimulated and IFN-γ was added permanently (“IFN-γ Control”). After 5 days, 
PBMC were harvested and proliferation of CD4+ as well as CD8+ T-cells was 
evaluated via flow cytometric measurements of intracellular CFSE levels (see 
section 2.2.5 for further details). (A) Representative flow cytometric analysis of CFSE 
in T-cells from one PBMC donor. The black line represents the threshold of 
proliferated vs. non-proliferated cells, which is determined according to the CFSE 
signal of the negative control. (B) The mean fluorescence intensity (MFI) of the FITC 
channel (CFSE) of T-cells from the co-culture is represented as fold-change of the 
MFI of the respective positive control. (C) The percentage of T-cell suppression 
mediated by IFN-γ-treated MSC is represented as fold-change of that of untreated 
MSC. (B, C) (n=3). Error bars represent SD of biological replicates, circle icons 
represent individual values. Mean values are indicated. Statistical significance has 
been assessed using unpaired t-tests (* p≤0.05, ** p≤0.01, *** p≤0.001). Non-
significant differences (p>0.05) are not indicated. 
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In summary, primary MSC were shown to decrease anti-CD3/CD28-stimulated T-cell 

proliferation in vitro, and this effect was diminished by IFN-γ added to the co-culture or 

used for MSC pre-treatment. 

3.7 Gene overexpression of CIITA and HLA-DR in established cell lines 

and primary human MSC via activation of CIITA promoter III 

Based on the analysis of the four promoters of CIITA (see section 3.4), promoter III and 

IV were chosen as targets for SAM-mediated gene activation. 

Three gRNA oligonucleotides targeting CIITA pIII (designated “gRNA_CIITA-pIII”) were 

cloned into lentiviral transfer plasmids and were tested by transient transfection of 

HEK-293T cells as described before. Employing qRT-PCR analyses, the highest 

individual effect was observed with gRNA_CIITA-pIII #2, which induced gene expression 

levels of CIITA and HLA-DR 65.0-fold and 39.0-fold, respectively. An effect of 

gRNA_CIITA-pIII #1 was observed on CIITA expression (5.1-fold), but levels of HLA-DR 

mRNA were not elevated. For gRNA_CIITA-pIII #3 however, no active gene expression 

of CIITA could be observed, but HLA-DR was slightly induced (2.5-fold). Despite these 

seeming inconsistencies between the three gRNAs, an additive effect was clearly 

observed, as the combined application led to a 135.3-fold activation of CIITA and a 

110.2-fold induction of HLA-DR gene expression levels (Fig. 11A; Killer et al., 2025). 

This observation was supported by a flow cytometric analysis of protein expressed by 

equally treated HEK-293T cells. Here, when compared to the negative control, 

gRNA_CIITA-pIII #2 and the combination of all three gRNAs induced expression of 

HLA-DR surface protein in 9.9% and 6.7% of cells, respectively, while no such effect was 

observed for gRNA_CIITA-pIII #1 and #3 (Fig. 11B and C; Killer et al., 2025). 

Based on the observations from transient transfection of HEK-293T cells, 

gRNA_CIITA-pIII #2 was chosen for the initial establishment of CIITA overexpression 

with the SAM system via lentiviral transductions. When T47D cells were transduced with 

the system’s components and gRNA_CIITA-pIII #2, mean (±SD) gene expression levels 

of CIITA and HLA-DR were 3.6-fold (±3.2) and 18.4-fold (±18.9) higher than those of a 

negative control, respectively (Fig. 12A; Killer et al., 2025). 

For CIITA overexpression in primary human MSC, different strategies and supplements 

were compared regarding their ability to increase transduction efficiency. Again, 

gRNA_CIITA-pIII #2 was applied for initial testing. In the beginning, several transduction 

enhancers were tested in combination with spinofection of the cells and viral particles. 

From the substances tried, only Polybrene appeared to be successful, as it enabled an 

8.1-fold induction of CIITA gene expression and a 1.7-fold induction of HLA-DR 
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expression (Fig. 12B; Killer et al., 2025). In this setup, many cells died due to the 

spinofection applied, which is why this step was omitted in following experiments. Upon 

microscopic evaluation, MSC appeared to be less stressed and were growing faster if 

the transduction was done on RetroNectin-coated plates (data not shown). Therefore, 

Polybrene and RetroNectin were subsequently applied in combination. 
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Fig. 11: Activation of gene and protein expression in HEK-293T cells using 
gRNAs targeting CIITA promoter III. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in HEK-293T cells. Three different guide RNAs (gRNAs) targeting 
promoter III of CIITA were used separately as well as in combination (“#1-2-3”), and 
the empty backbone plasmid was used as a negative control. First, 3x105 cells were 
seeded per 6-well and transfected the next day using calcium phosphate. Cells were 
cultured for 3 days before being harvested. (A) Samples were subjected to RNA 
preparation, cDNA transcription and qRT-PCR analyses. Target gene expression 
levels were normalized to those of human glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) for each sample. Values are represented as fold-change of those 
of the control (not shown). (B) Cells were subjected to a flow cytometric analysis of 
HLA-DR surface protein. The black line represents the threshold of HLA-DR positive 
cells, which was determined according to the control. (C) Quantification of panel B. 
Percentages of positive cells were determined according to the threshold shown in 
panel B. (A, B, C) (n=1). Error bars represent SD of two technical replicates. Mean 
values are indicated (adapted from Killer et al., 2025; via CC-BY-4.0; 
https://creativecommons.org/licenses/by/4.0/). 
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Fig. 12: Activation of CIITA and HLA-DR gene expression in T47D cells and 
primary MSC using gRNAs targeting CIITA promoter III. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in different cell types. Three different guide RNAs (gRNAs) targeting 
promoter III of CIITA were used separately as well as in combination (“#1-2-3”). Either 
(A, B, D) cells transduced with the empty backbone plasmid or (C, D) non-transduced 
cells were used as negative controls (not shown). Lentiviral particles for transduction 
were produced using HEK-293T cells as described in section 2.2.4.1. Samples were 
subjected to RNA preparation, cDNA transcription and qRT-PCR analyses. Target 
gene expression levels were normalized to those of human glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) for each sample and are represented as fold-
change of those of the respective control. (A) 5x104 T47D cells were seeded per 
6-well of RetroNectin-coated plates in serum-free medium, and viral particles were 
added together with Polybrene reagent for 3 - 4 h before medium was changed. Cells 
were harvested after 8 days. (B) 3x104 primary human MSC were seeded per 6-well 
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In order to investigate whether an epigenetic blockade might impede activation of CIITA 

pIII in MSC, epigenetic inhibitors were applied to facilitate accessibility of the promoter. 

Valproic acid (VPA) and decitabine were tested, but neither did clearly promote CIITA 

activation by gRNA_CIITA-pIII #2. As decitabine was diluted in dimethyl sulfoxide 

(DMSO), the latter was applied as a solvent control. Unexpectedly, antibiotic selection of 

these cells did not increase but rather tended to reduce overall expression of both genes 

in comparison to control cells (Fig. 12C; Killer et al., 2025). Interestingly, when the direct 

effects of these substances were compared in otherwise untreated cells, mean (±SD) 

gene expression was 1.7-fold (±0.8) for CIITA and 3.3-fold (±3.8) for HLA-DR after 

addition of VPA, compared to control cells. In contrast, expression levels decreased to 

0.3-fold (±0.3) for CIITA and 0.2-fold (±0.3) for HLA-DR with decitabine. After application 

of DMSO, CIITA expression was 1.4-fold (±0.8) and HLA-DR expression 0.9-fold (±0.1) 

compared to the control (Suppl. Fig. S3). 

All following transduction experiments carried out with primary MSC and different gRNAs 

targeting CIITA pIII are summarized in Fig. 12D. The previously observed inducing effect 

of Polybrene (Fig. 12B) was not reproducible without application of spinofection. 

In summary, the general potential for gene activation via SAM-mediated targeting of 

CIITA pIII and the efficiency of at least one of the applied gRNAs could be confirmed in 

HEK-293T as well as T47D cells. In primary MSC, however, gene induction was not 

reproducible and could not be improved with epigenetic inhibitors. At the same time, 

proliferation and viability of MSC were impaired under some of the tested conditions. 

of either RetroNectin-coated plates and viral particles were added without further 
supplements, or uncoated plates were used and viral particles were applied together 
with either 10 µg/ml Polybrene or 100 µg/ml protamine sulfate salt. MSC transduced 
on uncoated plates without supplements were included as a control (“w/o”). Serum-
free medium was used. Spinofection was applied and cells were incubated with viral 
particles overnight before medium was changed. Cells were harvested after 4 days. 
Values for each treatment are represented as fold-change of the value of the 
corresponding negative control. (C) 5x104 primary human MSC were seeded per 
6-well, transduced as described for panel A and further treated with 1 mM valproic 
acid (VPA), 3.5 µM decitabine or dimethyl sulfoxide (DMSO) as a solvent control for 
decitabine. In addition, 1 µg/ml Hygromycin B Gold and 1 µg/ml Blasticidin were 
applied for antibiotic selection. Cells were harvested after 15 days. Values within each 
treatment group are represented as fold-change of the value of the corresponding 
negative control. Checkered bars represent cells after antibiotic selection, while plain 
bars represent cells without antibiotic selection (“w/o”). (D) Summary of all 
experiments carried out with primary human MSC and all gRNAs targeting 
promoter III of CIITA. In brief, 5x104 cells were seeded per 6-well, transduced as 
described for panel A and grown for 5 - 19 days until being harvested. (A) (n=2); 
(B) (n=1); (C) (n=1 - 3); (D) (n=3 - 5). Error bars represent SD of either (B) two 
technical or (A, C, D) biological replicates, circle icons represent individual values. 
Mean values are indicated (partly adapted from Killer et al., 2025; via CC-BY-4.0; 
https://creativecommons.org/licenses/by/4.0/). 
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3.8 Targeting of CIITA promoter III with the PB-UniSAM one-plasmid 

transposon system 

In order to avoid cellular stress related to lentiviral transductions, an alternative strategy 

was tested. Therefore, the plasmid PB-UniSAM was applied, which encodes the 

complete SAM system including the gRNA as well as an mCherry marker. The marker 

enables identification of successfully transfected cells by their red fluorescence. Working 

with lentiviral particles is unnecessary, as genomic transfer of the insert is enabled by 

flanking piggyBac transposon inverted terminal repeat (ITR) sequences. Therefore, 

PB-UniSAM must be applied in combination with pCMV-hyPBase, a plasmid encoding 

the hyperactive piggyBac transposase hyPBase (Fidanza et al., 2017; Yusa et al., 2011). 

 

 
Again, gRNA_CIITA-pIII #2 was chosen for testing of the system and was therefore 

cloned in the PB-UniSAM backbone plasmid. Transfection with calcium phosphate was 
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Fig. 13: Activation of CIITA and HLA-DR gene expression using the PB-UniSAM 
plasmid and a gRNA targeting CIITA promoter III. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in primary MSC and HEK-293T cells. The PB-UniSAM plasmid was used, 
which encodes the complete SAM system including the guide RNA (gRNA) together 
with an mCherry fluorescence marker. The plasmid was equipped with a gRNA 
targeting CIITA promoter III (#2). First, 3.5x106 primary human MSC or HEK-293T 
cells were seeded per 10 cm-dish and transfected the next day using calcium 
phosphate (see section 2.2.4.1 for details). The PB-UniSAM plasmid was applied in 
combination with pCMV-hyPBase, and the pGIPZ plasmid encoding turboGFP was 
used as a control. Cells were harvested after 3 days. (A) Samples were subjected to 
RNA preparation, cDNA transcription and qRT-PCR analyses with normalization of 
target gene expression levels to those of human glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) for each sample. Gene expression levels for both cell types 
are represented as fold-change of those of the corresponding cells transduced with 
pGIPZ (not shown). (B) Flow cytometric analysis of mCherry and turboGFP protein 
expression. Percentages of positive cells were determined in comparison to non-
transfected cells for each cell type. (A, B) (n=1). Error bars represent SD of two 
technical replicates. Mean values are indicated (adapted from Killer et al., 2025; via 
CC-BY-4.0; https://creativecommons.org/licenses/by/4.0/). 
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done in primary human MSC as well as in HEK-293T cells as a control. Neither of the 

target genes CIITA and HLA-DR could be activated in MSC as confirmed via qRT-PCR 

analyses. In contrast, a 15.4-fold induction of CIITA and a 4.0-fold induction of HLA-DR 

were achieved in HEK-293T cells (Fig. 13A; Killer et al., 2025). This observation was 

supported by a flow cytometric measurement of the same cells: No red fluorescence 

from expression of the mCherry marker was observed in MSC, while 22.2% of HEK-293T 

cells were positive for mCherry. The pGIPZ plasmid transmitting the tGFP gene was 

used in parallel as a control for transfection efficiency. Here, 99.1% of HEK-293T cells 

were found positive for tGFP, whereas no tGFP protein was expressed by MSC 

(Fig. 13B; Killer et al., 2025). These results indicate that calcium phosphate transfection 

was not sufficient for plasmid introduction into primary MSC. 

Besides, also nucleofection was applied for introduction of the PB-UniSAM plasmid into 

human MSC. Also in that case, target gene activation could not be observed. At the same 

time, many cells did not survive the electroporation procedure, which is why this 

approach was not pursued further in the present study (data not shown). 

Taken together, the PB-UniSAM transposon system was applicable and effective for 

activation of CIITA via pIII in HEK-293T cells but was not superior to lentiviral 

transduction procedures in primary MSC. 

3.9 Gene overexpression of CIITA and HLA-DR in established cell lines 

and primary human MSC via activation of CIITA promoter IV 

Following the attempts to activate CIITA expression via pIII, three different gRNA 

oligonucleotides targeting CIITA pIV (designated “gRNA_CIITA-pIV”) were cloned into 

lentiviral transfer plasmids and were tested by transient transfection of HEK-293T cells 

and subsequent qRT-PCR analyses as described before. Comparable individual effects 

were observed with gRNA_CIITA-pIV #2 and #3, as their application resulted in 32.3-fold 

and 32.6-fold induction of CIITA, respectively, and 17.4-fold and 13.8-fold induction of 

HLA-DR, respectively. The gRNA_CIITA-pIV #1 induced levels of CIITA 8.8-fold and 

those of HLA-DR 6.0-fold. As observed before with other gRNAs in this project, the 

pooled application of all gRNAs targeting CIITA pIV had an additive effect. Thus, it 

resulted in further induction of both target genes, in fact 93.1-fold for CIITA and 27.1-fold 

for HLA-DR in HEK-293T cells (Fig. 14A; Killer et al., 2025). 

After demonstration of general efficiency of the gRNAs in HEK-293T cells, lentiviral 

transduction of the system was done in T47D cells under antibiotic selection. Here, 

gRNA_CIITA-pIV #2 clearly had the strongest effect, as it induced CIITA and HLA-DR 

gene expression 104.5-fold and 364.7-fold, respectively. Even though especially 
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gRNA_CIITA-pIV #3 also had a clear inducing effect on both target genes (CIITA: 

31.7-fold, HLA-DR: 250.0-fold), the combination of all three gRNAs could not exceed the 

individual effect of gRNA_CIITA-pIV #2 in this case: Expression of CIITA and HLA-DR 

was induced 85.3-fold and 326.4-fold with the gRNA pool, respectively (Fig. 14B; Killer 

et al., 2025). Similar observations were made in the absence of antibiotic selection. In 

that case, the expression of both target genes was analyzed at two different time points 

after transduction, with the later time point (17 days) corresponding to the cultivation time 

of cells shown in Fig. 14B. Longer incubation led to a stronger increase of gene 

expression for all gRNAs used. Again, gRNA_CIITA-pIV #2 had the strongest individual 

effect as it induced CIITA 94.0-fold and HLA-DR 325.2-fold after 17 days. However, in 

this case, the pooling of all three gRNAs showed an additive effect on CIITA levels after 

9 days and on HLA-DR levels at both time points measured. After 17 days, HLA-DR 

expression was induced 362.0-fold with the gRNA pool (Suppl. Fig. S4A and B). 

In line with the previous observation of a predominant activity of CIITA pIV in T47D cells, 

strong and stable induction of both CIITA and HLA-DR gene expression was achieved 

with SAM-mediated activation of pIV in these cells. 

Previous results indicated that the usage of the four promoters of CIITA might be similar 

in T47D cells and MSC, especially regarding pIV. However, as viability and proliferation 

of primary MSC were impaired during lentiviral transductions, the immortalized MSC line 

K5 iMSC was included for following experiments (Burk et al., 2019). 

When transducing K5 iMSC, gRNA_CIITA-pIV #3 showed the strongest individual effect 

as it induced CIITA gene expression 11.0-fold and HLA-DR expression 3.8-fold under 

antibiotic selection. The other two gRNAs were not as effective, but the combined 

application of all gRNAs led to a 10.8-fold activation of CIITA and 12.8-fold activation of 

HLA-DR. Thus, an additive effect on HLA-DR gene expression was observed, regardless 

of the lower individual effects of gRNA_CIITA-pIV #1 and #2 (Fig. 14C; Killer et al., 

2025). Without antibiotic pressure, the outcome was similar: Expression of both target 

genes was low in K5 iMSC 4 days after lentiviral transduction and increased with longer 

incubation time. CIITA was most distinctly induced with all three gRNAs in combination 

after 7 days, as a mean (±SD) expression of 7.8-fold (±7.0) compared to the control was 

reached. Mean (±SD) gene expression of HLA-DR was concomitantly induced 15.1-fold 

(±0.5). At 9 days post transduction, corresponding to the cultivation time of cells shown 

in Fig. 14C, gRNA_CIITA-pIV #3 induced the mean (±SD) expression of CIITA and 

HLA-DR 6.3-fold (±4.9) and 9.1-fold (±7.0), respectively. With the gRNA combination, 

mean (±SD) CIITA expression was induced 5.3-fold (±4.8) and mean (±SD) HLA-DR 

expression was induced 18.4-fold (±8.1) in K5 iMSC 9 days post transduction (Suppl. 

Fig. S5A and B). 
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Fig. 14: Activation of CIITA and HLA-DR gene expression in cell lines and 
primary MSC using gRNAs targeting CIITA promoter IV. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in different cell types. Three different guide RNAs (gRNAs) targeting 
promoter IV of CIITA were used separately as well as in combination (“#1-2-3”), and 
a non-targeting gRNA was used as a negative control (not shown). After cell harvest, 
samples were subjected to RNA preparation, cDNA transcription and qRT-PCR 
analyses. Target gene expression levels were normalized to those of human 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for each sample and are 
represented as fold-change of those of the negative control. (A) Transient 
transfection of the SAM system in HEK-293T cells: 3x105 cells were seeded per 
6-well and transfected the next day using Lipofectamine 3 000. Cells were harvested 
after 3 days. (B, C, D, E) Lentiviral transduction of the SAM system in (B) T47D cells, 
(C) K5 iMSC and (D, E) primary human MSC. Viral particles were produced using 
HEK-293T cells as described in section 2.2.4.2. Next, 5x104 target cells were seeded 
per 6-well of RetroNectin-coated plates in serum-free medium and viral particles were 
added together with Polybrene reagent for 4 - 5 h before medium was changed. In 
addition, 1 µg/ml Hygromycin B Gold and 1 µg/ml Blasticidin were applied for 
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Due to the promising observations made with K5 iMSC, also primary human MSC were 

analyzed at different time points after lentiviral transduction of the SAM system targeting 

CIITA pIV with application of antibiotic selection. After 9 days, the expression levels of 

both target genes were still low, independently of the gRNA used (Fig. 14D and E; Killer 

et al., 2025). After 15 days, however, the expression of CIITA was activated by all 

gRNAs, in which gRNA_CIITA-pIV #3 and the gRNA pool had the strongest effect by 

each inducing CIITA expression 10.0-fold. The effects of all individually applied gRNAs 

peaked at that time point and decreased afterwards. In contrast, CIITA expression was 

further increased by the pooled gRNAs to 11.5-fold after 17 days (Fig. 14D; Killer et al., 

2025). The course of HLA-DR gene expression was similar, with gRNA_CIITA-pIV #3 

being the most active gRNA and activating HLA-DR expression 9.6-fold after 15 days. 

Again, the intensities of gene activation by most individually applied gRNAs were highest 

after 15 days and decreased afterwards. Only gRNA_CIITA-pIV #2 showed a slight 

further increase of HLA-DR expression from 15 to 17 days. Again, the strongest effect 

was observed with the three gRNAs in combination after 17 days, as HLA-DR expression 

was enhanced 10.3-fold at this time point (Fig. 14E; Killer et al., 2025). In contrast to 

these observations, the outcome was different when no antibiotics were applied: In that 

case, the highest gene expression levels of CIITA were observed already 6 days after 

transduction. The strongest mean (±SD) activation was achieved with all gRNAs in a 

pooled application (4.0-fold (±2.1) compared to the control). CIITA expression was 

lowered after 9 days in all samples and slightly increased again at 15 to 17 days post 

transduction. After 17 days, gRNA_CIITA-pIV #3 and the gRNA pool each induced gene 

expression 2.3-fold (Suppl. Fig. S6A). Similarly, HLA-DR gene expression decreased 

from 6 to 9 days after lentiviral transduction for all gRNAs used. Between 9 and 17 days, 

however, the course of HLA-DR expression showed similar tendencies as in cells 

selected with antibiotics (confer Fig. 14E). The strongest inducing effect was observed 

with gRNA_CIITA-pIV #3 after 15 days (2.8-fold compared to the control) and decreased 

slightly after 17 days (2.4-fold). The other two gRNAs showed lower effects both after 15 

and 17 days. The combined application of all three gRNAs did not exceed the effects of 

individually applied gRNA_CIITA-pIV #3 in this case (Suppl. Fig. S6B). 

antibiotic selection. T47D cells were harvested after 17 days, K5 iMSC were 
harvested after 9 days, and primary MSC were harvested after 9, 15 and 17 days. 
(D, E) Time courses of (D) CIITA and (E) HLA-DR expression after transduction. 
Values for each time point are represented as fold-change of the corresponding value 
of the control. (A, B, C, D, E) (n=1). Error bars represent SD of two technical 
replicates. Mean values are indicated (adapted from Killer et al., 2025; via CC-BY-
4.0; https://creativecommons.org/licenses/by/4.0/). 
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For the aforementioned analyses of CIITA and HLA-DR expression after lentiviral 

transductions, values from samples after antibiotic selection were always normalized to 

the value of the respective control, in which cells were transduced likewise (but with the 

non-targeting gRNA_Control) and treated with antibiotics as well. In a direct comparison 

of transduction control cells with and without antibiotic treatment, however, a reduced 

gene expression of CIITA and HLA-DR after application of antibiotics was observed in 

primary MSC but not in T47D cells. The effect was strong enough to significantly reduce 

mean (±SD) CIITA expression to 0.3-fold (±0.2) and HLA-DR expression to 0.2-fold 

(±0.1) in primary MSC that grew under antibiotic pressure. Gene expression was only 

minimally reduced in immortalized MSC (Suppl. Fig. S7A and B). Of note, expression 

levels of the reference gene human glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) remained stable for all cell types independently of antibiotic treatment, and in 

addition, no such difference was observed for HLA-DR measured on protein level (data 

not shown). 

In summary, the previously optimized protocol for lentiviral transduction was successfully 

applied for gene activation using the CRISPR/Cas9 SAM system not only in immortalized 

but also primary MSC. The induction of CIITA via targeting of pIV and the consecutive 

activation of HLA-DR were confirmed via qRT-PCR analyses. Antibiotic selection of 

transduced cells did not always increase gene activation in the resulting cell population 

but altered the temporal dynamics of target gene expression in primary MSC. 

3.10 Induction of HLA-DR protein expression in established cell lines and 

primary human MSC via activation of CIITA promoter IV 

In order to verify that SAM-mediated target gene activation was capable to induce 

downstream protein expression, quantification of HLA-DR surface protein was done for 

transduced cells. The previous observations regarding induction of CIITA and HLA-DR 

mRNA expression via pIV were supported by a flow cytometric analysis of equally 

transduced and selected cells. In T47D cells, gRNA_CIITA-pIV #2 activated the 

expression of HLA-DR protein on the cell surface of 84.9% of cells compared to a 

negative control. In K5 iMSC, the individually applied gRNAs induced surface HLA-DR 

on 1.6 - 2.3% of cells (gRNA_CIITA-pIV #1 and #3, respectively). The combination of all 

gRNAs had an additive effect, resulting in 5.5% of HLA-DR positive cells. In primary 

human MSC, gRNA_CIITA-pIV #3 and the gRNA pool were most effective and induced 

the expression of surface HLA-DR on 4.3% and 4.1% of cells, respectively (Fig. 15; Killer 

et al., 2025). In line with what was described before, observations made with cells that 

were transduced without being selected for antibiotic resistances were similar, except 

that percentages of HLA-DR positive cells were slightly lower. The combination of all 
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three gRNAs was most effective in K5 iMSC, resulting in 4.6% of cells expressing 

HLA-DR. In primary MSC, similar results were obtained by application of the pool of all 

gRNAs and gRNA_CIITA-pIV #3, as 2.5% and 2.2% of cells were identified as positive 

for surface HLA-DR expression, respectively (Suppl. Fig. S8). 

 

 
Concluding, SAM-mediated overexpression of CIITA via targeting of pIV was not only 

achieved in different immortalized cell lines as well as primary human MSC, but it was 

also translated to activation of the downstream target gene HLA-DR, which could be 

verified on mRNA as well as protein level. 
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Fig. 15: Activation of HLA-DR protein expression in cell lines and primary MSC 
using gRNAs targeting CIITA promoter IV. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in different cell types. Three different guide RNAs (gRNAs) targeting 
promoter IV of CIITA were used separately as well as in combination (“#1-2-3”). 
Either non-transduced cells or cells transduced with a non-targeting gRNA were used 
as negative controls (not shown). Lentiviral transduction of the SAM system as well 
as antibiotic selection was done as described for Fig. 14B - E. T47D cells were 
harvested after 17 days, and both K5 iMSC and primary MSC were harvested after 
9 days. Cells were subjected to flow cytometric measurements of HLA-DR surface 
protein. Percentages of positive cells were determined in comparison to the 
respective control cells. (n=1) (adapted from Killer et al., 2025; via CC-BY-4.0; 
https://creativecommons.org/licenses/by/4.0/). 
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4 Discussion 

Human MSC are highly interesting for clinical research, and their genetic modification 

has the potential to broaden the range of possible applications. Therefore, the two main 

objectives of this project were to generally establish gene activation in primary human 

MSC using the CRISPR/Cas9 SAM system and to test its ability for activation of a 

naturally inactive target gene in MSC. 

To achieve this, a protocol for lentiviral transduction of MSC was developed by testing 

different established approaches and supplements. During the process, factors such as 

the condition of target cells, harmfulness of treatments, concentration of viral particles, 

and selection of promoters to be targeted were identified to be crucial for successful 

transduction of primary MSC. Using the established protocol, expression of not only the 

control target gene CEBPA but also the transcription factor-encoding gene CIITA were 

induced in MSC. Functional gene activation of CIITA was demonstrated via concomitant 

expression of HLA-DR protein. 

Besides, both gene expression of CIITA and protein expression of HLA-DR were induced 

in MSC by IFN-γ, which also impaired their immunomodulatory effect on human T-cells. 

In addition, a ChIP analysis showed that the CIITA promoters that are generally inducible 

in MSC are pIII and pIV. 

4.1 Established protocol for lentiviral transduction of primary human 

MSC successfully enables CRISPR/Cas9-mediated gene activation 

Different specific characteristics beyond proven clinical safety make human MSC an 

important tool for clinical research and disease control. The combined abilities for tumor 

homing and immunomodulation make them especially interesting to advance treatment 

of solid tumors, and their genetic engineering further increases the prospects to tap their 

full potential and enhance their efficiency. However, the modification of primary cells, 

such as MSC, is particularly challenging as they proliferate slower and often respond 

less consistently than established cell lines. Moreover, the cultivation time is limited, as 

primary MSC become senescent in culture and can undergo an impairment of their 

functional characteristics (Nold et al., 2015; Izadpanah et al., 2008). Even though positive 

reports exist about gene delivery into human MSC via physical or chemical applications, 

such as nanoparticles or transient transfection with plasmids, efficiency of these methods 

is typically limited, and toxicities or cell membrane disruption can occur easily. Therefore, 

viral transduction is regarded to be superior for delivery of genetic material into human 

and animal stem cells, as it enables persistent and stable gene modification with a higher 

efficiency compared to non-viral methods (Halabian et al., 2010; reviewed by Oggu et 

al., 2017; Stiehler et al., 2006). Besides, a study directly comparing viral and non-viral 
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gene transfer in human MSC indicated that the method chosen can affect their immuno-

modulatory capacity: An anti-inflammatory target gene could be efficiently activated with 

all approaches used, but the expected increase in MSC-mediated T-cell suppression 

was only observed with viral transduction methods (Boura et al., 2014). Another general 

advantage of viral gene delivery is the capability of transducing even slowly or non-

dividing cells (Naldini et al., 1996; Stiehler et al., 2006). Moreover, differentiation capacity 

and immunophenotype of human MSC were shown to be retained after lentiviral 

transduction (van Damme et al., 2006; Petazzi et al., 2020). Compared to γ-retroviral 

vectors, which integrate into the genome semi-randomly with a reported preference for 

promoter sequences, lentiviral vectors exhibit a higher preference for integration into 

non-coding regions (Shao et al., 2022). All forms of integrating viral gene delivery may 

bear a risk of insertional mutagenesis (Bokhoven et al., 2009). However, to eliminate this 

risk, genomic “safe harbors” are being examined in MSC and other cell types, in which 

transgenes can be integrated safely for stable expression without disruption of essential 

genes (Ramamurthy et al., 2022). 

In order to achieve permanent genetic engineering, it was decided on the CRISPR/Cas9 

system for this project, which was already shown to be effective for modification of other 

primary cells (Eyquem et al., 2017; Stadtmauer et al., 2020). In most applications, the 

components of CRISPR/Cas9 are introduced into target cells by means of lentiviral 

particles. In a comparative analysis of different ‘second generation’ activator systems 

employing the modified dCas9, the SAM was shown to be most consistent and highly 

efficient in different human cell types while demonstrating a high specificity (Chavez et 

al., 2016). Therefore, the SAM was chosen for a stable and permanent activation of 

endogenous target sequences (Konermann et al., 2015). 

To date, CRISPR/Cas9 is widely applied for genetic engineering of different clinically 

used human stem cells, but modification of some cell types, such as MSC, still remains 

challenging (reviewed by Zhang et al., 2017). Although reports exist about viral 

transduction and application of CRISPR/Cas9 in primary human MSC, they are still often 

replaced by immortalized MSC lines or animal MSC for research (Kallifatidis et al., 2008; 

Chan et al., 2005; Boura et al., 2014; Srifa et al., 2020; Schary et al., 2020; McGinley et 

al., 2011; Vanoli et al., 2017; Lundh et al., 2017; Hsu et al., 2020). According to currently 

available information, only five other studies exist to date that applied the SAM system 

in human MSC. Notably, four of these studies were published after the experiments of 

the present project had already been completed. While four of the five groups used 

immortalized MSC (Furuhata et al., 2017; Koyanagi et al., 2022; Mahata et al., 2023; 

Martinez-Zalbidea et al., 2025), only one used primary cells (Petazzi et al., 2020). In one 

of these studies, a CRISPR activation library was used for genetic screening, and no 
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target genes were specifically chosen for activation (Koyanagi et al., 2022). In the other 

four reports, the targets for activation were genes that are naturally expressed by human 

MSC or stem cells in general and are mostly connected with differentiation (Furuhata et 

al., 2017; Petazzi et al., 2020; Mahata et al., 2023; Martinez-Zalbidea et al., 2025). All of 

these genes, which encode several transcription factors, a chemokine receptor, a 

structural protein, and a hyaluronan-binding protein, were reported to be basally 

expressed or naturally regulated in non-transgenic human or animal MSC upon 

differentiation or activation (reviewed by Muruganandan et al., 2009; Cho et al., 2012; 

Ye et al., 2018; Seo et al., 2009; Shi et al., 2007; Shim et al., 2004; Choi et al., 2011). 

These genes can therefore be regarded as rather susceptible targets for activation via 

genetic engineering of MSC. In contrast, the present study is the first to report a protocol 

for SAM-mediated induction of a target gene that is naturally inducible in primary human 

MSC only by extrinsic stimulation (Killer et al., 2025). 

For the development of such a protocol, several general approaches and supplements 

were tested, and publications about lentiviral transduction of MSC were considered 

specifically. In some respects, the observations made were consistent with the 

predominant view found in literature. For instance, seeded number, confluency and 

condition of target cells before transduction were crucial as confirmed by the cells’ 

phenotypic appearance upon microscopic evaluation. The same was observed before 

by various other groups for different experimental setups and is in line with the current 

state of scientific knowledge. The importance of cell culture conditions especially for the 

experimental behavior of human MSC was also reported (Romieu-Mourez et al., 2007). 

Besides, freezing of virus-containing solutions did reduce transduction efficiency 

compared to direct application of fresh virus, while the efficiency was improved by using 

a lentivirus concentrator solution. This is in accordance with the current perception that 

freezing of virus solutions is useful for long-term storage but destroys a fraction of viral 

particles with each freeze-thaw cycle (Brown et al., 2020). It is therefore not surprising 

that a direct application of freshly produced virus solution was superior to one that was 

frozen and thawed. The purpose of concentrating virus solutions is to increase the viral 

load in the final culture volume while removing impurities, both of which can increase 

overall transduction efficiency (Cribbs et al., 2013). 

Other general approaches could not be translated to the setting of the present study. For 

instance, spinofection, i.e., the centrifugation of well plates containing target cells 

together with viral particles, was reported before to be applicable for transduction of 

primary human MSC (Kallifatidis et al., 2008). In the present study, however, spinofection 

was detrimental to MSC survival, as many cells became detached and died. This is in 

line with observations from Lin et al. (2012), who reported increased MSC detachment 
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after centrifugation, while at the same time centrifugation alone did not improve 

transduction efficiency unless transduction enhancers were added. Consequently, 

spinofection was omitted in following experiments in the present study. 

In contrast to immortalized cell lines, primary cells represent a heterogeneous cell 

population, which can complicate the application of chemical transduction enhancers (Li 

et al., 2013). For MSC, protamine sulfate is suggested as an effective alternative to the 

generally used inducing agent Polybrene, as the latter is thought to be harmful to their 

proliferation and morphology (Lin et al., 2012; Lin et al., 2011). In the present study, 

however, different observations were made: While survival of MSC was indeed not 

impaired by protamine sulfate at lower doses, transduction efficiency was barely 

improved. However, with 100 µg/ml protamine sulfate, the concentration suggested by 

Lin et al. (2012), the number of surviving cells was almost halved compared to cells that 

were transduced without additional supplements (data not shown). In contrast to the 

reports mentioned above, addition of Polybrene enabled successful transduction of MSC 

and other target cells while proliferation and survival were retained at shorter incubation 

times. Concomitant use of well plates coated with RetroNectin additionally improved 

growth and phenotypic appearance of MSC. These observations are in line with a study 

by Kallifatidis et al. (2008), supporting the use of fibronectin-coated flasks for cultivation 

of primary human MSC in general and the application of Polybrene for their transduction. 

For verification of the established protocol, the genomic integration of the sequences of 

both SAM fusion proteins was demonstrated in gDNA of transduced MSC. The actual 

expression of both proteins was verified in transiently transfected HEK-293T cells. In 

MSC, however, only MS2-P65-HSF1 could be detected but not dCas9-VP64. This is in 

line with the observation of another group that expression levels of Cas proteins after 

transduction can be too low for detection in Western Blot analyses with the antibody used 

(research group of Prof. Dr. Thorsten Stiewe, Institute for Molecular Biology and Tumor 

Research, Philipps-Universität Marburg, Marburg, Germany, oral communication). In 

contrast, the HEK-293T cells used as a control had been transiently transfected and 

therefore expressed high amounts of both fusion proteins. These observations provided 

sufficient evidence that the SAM system itself was intact and that both genomic 

integration and protein expression were functioning. 

The actual operational capability of the SAM system, i.e., the successful activation of 

target genes, was verified via qRT-PCR analyses. All gRNAs were initially tested by 

transient transfection of the complete system in HEK-293T cells. This was done to 

receive a first impression of the general effectivity of the individual gRNAs. As HEK-293T 

cells are an easy target for most types of genetic modifications, the rationale was that a 

gRNA that is not effective in HEK-293T cells is likely to be even less effective in primary 
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cells. While this was generally right, differences between HEK-293T cells and the 

transduced cells were observed in the course of the study. This was not surprising, since 

cell type-specific differences in gene expression profiles or promoter accessibility are 

well known (Marstrand and Storey, 2014). Therefore, an initial testing of gRNAs in a cell 

line that is easy to target seems reasonable in order to exclude non-functional gRNAs, 

even though a divergent performance in other cell types is possible. 

In several cases, the combination of multiple gRNAs targeting different locations within 

the same promoter had an additive effect and resulted in stronger gene activation 

compared to individual application of the same gRNAs. Such an effect could be observed 

in all cell types used with at least some sets of the applied gRNAs. The observation is in 

line with previous reports stating that synergistic gene induction can be achieved by 

simultaneous targeting of the same gene with multiple gRNAs when applying SAM or 

other dCas9-based gene activation systems (Chavez et al., 2016; Maeder et al., 2013; 

Perez-Pinera et al., 2013). In contrast, a study that in part used the same gRNAs as 

Chavez et al. (2016) did not observe any synergistic effects. Suggested reasons for this 

discrepancy were the use of different target cells and hence a cell type-dependent 

difference in the availability of necessary downstream transcriptional effectors (Petazzi 

et al., 2020). As this study also used primary human MSC, possible explanations for the 

different observations of the present study may be the target gene chosen and the 

binding sites of the respective gRNAs. 

In general, partial discrepancies between the present study and reports from other 

groups regarding the optimal protocol for MSC transduction are most likely explained by 

the fact that MSC as primary cells respond less consistently than immortalized cell lines 

and can react more sensitive to differences in isolation procedure, handling or culture 

conditions. Characteristics such as differentiation potential, expression of surface 

markers or immunosuppressive capacities can be highly variable between cells of 

different quality, source or donor, which can in turn influence experimental performance 

(Elahi et al., 2016; Killer et al., 2017). Moreover, also efficiency of lentiviral transduction 

of MSC reportedly depends on these parameters, and even MSC transcriptome and 

chromatin accessibility have been shown to differ between MSC isolated from different 

tissues (Kallifatidis et al., 2008; Ho et al., 2018). Therefore, it is difficult to make cross-

study comparisons between results from various groups where MSC may have been 

isolated from other sources or handled differently. Besides, deviations of the vector 

system used or the genomic sequences targeted can also influence the overall efficiency 

of transduction experiments involving genomic modifications. 
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4.2 Expression of CEBPA as a naturally induced target gene in primary 

human MSC can be activated using CRISPR/Cas9 SAM 

The transcription factor C/EBPα is known, amongst others, as an important regulator of 

myelopoiesis and for its function as a tumor suppressor protein via induction of cell cycle 

arrests (reviewed by Friedman, 2015; Wang et al., 2001). 

Being also a key regulator of adipogenesis, C/EBPα expression is induced in human 

MSC upon adipogenic differentiation triggered by external hormonal stimuli (Qian et al., 

2010; Wang et al., 1995; Nakamura et al., 2003). CEBPA was therefore chosen by 

Furuhata et al. (2017) as one of three adipogenic regulator genes to be endogenously 

over-expressed in MSC in order to investigate whether higher levels of the respective 

proteins can in turn activate adipogenic differentiation in otherwise unstimulated stem 

cells. As this was successful using the CRISPR/Cas9 SAM system, all three genes can 

be regarded as rather susceptible targets for gene activation in MSC. However, the 

authors of the mentioned study did not use primary cells but an immortalized MSC line. 

Therefore, an initial objective of the present study was to examine whether these 

observations can be transferred to primary human MSC. CEBPA was chosen as a 

control gene for establishment of the SAM system in primary MSC, as it showed the most 

prominent induction among the three target genes reported by Furuhata et al. (2017). 

Based on the observations from immortalized MSC, it was reasonable to expect this 

gene to be generally targetable in primary MSC as well. 

The sequences of three gRNAs directed against the promoter region of human CEBPA 

were adopted from Furuhata et al. (2017). Initial testing in HEK-293T cells showed a 

distinct effectivity of two of the three gRNAs, and the pooled application of all three 

gRNAs had an additive effect. 

Based on these observations, the same gRNAs were applied for lentiviral transduction 

of T47D cells and primary MSC, which was effective in both types of target cells. The 

maximum level of gene activation achieved (compared to untreated cells) was higher in 

T47D cells, which was not surprising, as genomic modification is generally expected to 

be more effective in immortalized cell lines than in primary cells, whose response can be 

heterogeneous within a population (Li et al., 2013). 

As discussed before, the combined application of several gRNAs had a synergistic effect 

on gene activation in most experiments within the present study. In case of CEBPA 

activation in MSC, however, one of the gRNAs was distinctly more effective than the 

other two, and the extent of CEBPA expression could not be exceeded by the gRNA 

pool. Instead, CEBPA expression was induced to a similar amount with the mentioned 
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individual gRNA and the pool, suggesting that there is no synergistic effect in this setting. 

As Furuhata et al. (2017) applied these gRNAs only in combination but not individually, 

no comparison can be drawn in this respect. The present observation is supported by 

the theory that the most efficient gRNA applied could determine a plateau of achievable 

gene activation in certain cases. This was suggested by Petazzi et al. (2020), who also 

used the SAM system in human MSC. The possibility of a synergistic gene activation by 

application of multiple gRNAs therefore appears to depend on cell types used, respective 

target genes, individual gRNA binding sites, or a combination of these factors. 

Altogether, Furuhata et al. (2017) achieved markedly higher levels of CEBPA gene 

induction in MSC compared to the present study (11 110-fold vs. 14-fold). This may most 

likely be explained by the fact that Furuhata et al. (2017) used an immortalized MSC line, 

while primary MSC were applied in the present study. This observation substantiates the 

previous notion that genetic engineering of primary cells and especially stem cells is 

more challenging than that of established cell lines. It also shows that immortalized and 

primary cells can behave differently in an experimental setup. 

In summary, the protocol established for lentiviral transduction and SAM-mediated gene 

activation in primary human MSC was successfully applied for induction of CEBPA, a 

gene that is naturally expressed in MSC upon adipogenic differentiation. The general 

targetability of CEBPA, which was reported before only for immortalized MSC, could be 

substantiated in primary human MSC. 

4.3 Treatment with IFN-γ induces gene expression of CIITA in primary 

MSC and other cell types in a dose- and time-dependent manner 

After the successful activation of CEBPA as an expectably susceptible target gene in 

primary human MSC, the target of the system was changed. This was done in an attempt 

to induce the expression of a presumably less susceptible target, which is not naturally 

expressed by MSC without extrinsic stimulation. It was decided on the gene encoding 

CIITA, a transcriptional co-factor regulating the expression of different HLA genes 

corresponding to MHC class II, such as HLA-DR (Steimle et al., 1993). CIITA is mostly 

expressed by professional APC but also inducible on various other cell types by 

treatment with IFN-γ (Muhlethaler-Mottet et al., 1997; Steimle et al., 1994). For MSC, 

activation of CIITA and thereby HLA-DR expression could be an important aspect 

regarding a modulation of their immunomodulatory potential. According to the 

International Society for Cellular Therapy (ISCT), the absence of HLA-DR protein 

expression is one of the minimal criteria for defining human MSC, at least if cells are 

unstimulated (Dominici et al., 2006). For human as well as murine MSC, expression of 
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HLA-DR (or MHC II) protein in response to treatment with IFN-γ was reported before 

(Romieu-Mourez et al., 2007). 

In order to confirm the reported interplay of IFN-γ, CIITA and HLA-DR, treatment 

experiments were carried out with primary human MSC. Here, IFN-γ was shown to 

induce CIITA gene expression in a dose- and time-dependent manner. Also levels of 

HLA-DR mRNA were distinctly raised with increasing IFN-γ dosage. This is generally in 

line with previous observations of induced mRNA and/or protein expression of both target 

genes in human and murine MSC upon IFN-γ treatment (Tang et al., 2008; Bocelli-

Tyndall et al., 2010; Le Blanc et al., 2003; Romieu-Mourez et al., 2007). Also the close 

correlation of gene expression levels of CIITA and HLA-DR was established before for 

different tissues (Otten et al., 1998). The dose- and time-dependent effects of IFN-γ and 

interferons in general are well known for various target genes in human MSC and other 

cell types (Boyt et al., 2020; Larner et al., 1984; Pervolaraki et al., 2018; Berger et al., 

1997). Besides, available literature supports the observed time course of IFN-γ-mediated 

CIITA activation in MSC, as transcription of at least a large portion of interferon-

responsive genes was reported to peak within a time frame of several hours after 

treatment and to be rather short-lived (Larner et al., 1984; Pervolaraki et al., 2018). 

In addition to MSC, also PBMC were included in the analysis to enable a comparison 

with another type of primary cells. While PBMC exhibited by far the highest basal gene 

expression levels of CIITA as well as HLA-DR among the cell types analyzed, they were 

hardly responsive to IFN-γ treatment, independently of dosage or incubation time. PBMC 

represent a mixture of different peripheral blood cells, including T-cells, B-cells, NK-cells, 

monocytes and DC (reviewed by Kleiveland, 2015). Being professional APC, especially 

B-cells and DC constitutively express high levels of CIITA and HLA-DR (Muhlethaler-

Mottet et al., 1997; reviewed by Glimcher and Kara, 1992). Besides, CIITA gene 

expression is induced in CD4+ and CD8+ T-cells upon activation, and corresponding 

expression of HLA-DR was reported as well (Holling et al., 2002; Salgado et al., 2002). 

Protein expression of HLA-DR has also been observed in NK cells upon activation 

(Phillips et al., 1984). Monocytes were shown before to express HLA-DR surface protein, 

but according to another study, they do not express CIITA unless being treated with 

IFN-γ (Moriya et al., 1987; Muhlethaler-Mottet et al., 1997). Summing up these reports, 

the high transcriptional activity of both genes in total PBMC was to be expected. The 

non-responsiveness of PBMC to IFN-γ treatment may be explained by the observation 

that genes with high basal expression levels can be limited regarding further induction 

by external stimulation as it can also be seen when using synthetic gene activation 

systems (Konermann et al., 2015; Chavez et al., 2015). As primary PBMC were used, a 

donor-dependent susceptibility to IFN-γ stimulation may also be possible. 
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In contrast to PBMC, a time-dependent induction of CIITA expression under IFN-γ 

treatment was observed in T47D cells. This finding is supported by a report of IFN-γ-

dependent inducibility of CIITA in a variety of cell types, including different tumor cell 

lines (Muhlethaler-Mottet et al., 1997). In addition, expression of HLA-DR surface protein 

in response to IFN-γ treatment has been reported for T47D cells (Mostafa et al., 2014). 

Moreover, the capacity and temporal course of IFN-γ-mediated CIITA gene activation in 

T47D cells in the present study was similar to that observed for MSC, suggesting that 

this cell line may be a suitable control for SAM-mediated induction of CIITA in MSC. 

In conclusion, it could be confirmed that the established interplay of IFN-γ, CIITA and 

HLA-DR applies also to primary human MSC, and that MSC are generally susceptible to 

an induction of CIITA gene expression with IFN-γ. In PBMC, the profile of CIITA 

expression was different, also regarding their responsiveness to IFN-γ treatment. T47D 

cells, however, exhibited a gene expression profile similar to that of MSC and therefore 

appeared to be a valid control cell line for further experiments regarding SAM-mediated 

activation of CIITA gene expression. 

4.4 Promoter IV is the main IFN-γ-responsive promoter of human CIITA 

in primary MSC and other cell types 

Gene activation using CRISPR/Cas9 SAM critically depends on targeting the correct 

genomic location for the whole system to be functioning. This is especially crucial for 

target genes with multiple promoters, as a certain promoter can be entirely inaccessible 

or unresponsive depending on the target cell type. In fact, positive correlation between 

chromatin accessibility at promoters and expression of the respective genes has been 

reported in several studies (Pastor et al., 2014; Ampuja et al., 2017). In case of the 

human CIITA gene, the cell type-specific and stimulation-dependent expression pattern 

is realized by the existence of four separate promoters, three of which are known to be 

transcribed to different mRNAs and can thereby produce three isoforms of CIITA protein 

(Muhlethaler-Mottet et al., 1997). As IFN-γ treatment clearly induced CIITA expression 

in primary human MSC and T47D cells, it was to be examined which of the four 

promoters is naturally active in these cells and hence may be accessible for SAM-

mediated gene activation. 

In general, CIITA pI is regarded as the principal promoter that is active in macrophages 

and conventional DC, while pIII is mainly employed by B-cells, activated T-cells and 

plasmacytoid DC (LeibundGut-Landmann et al., 2004b; Muhlethaler-Mottet et al., 1997; 

Holling et al., 2002). In contrast, a cell type that expresses CIITA via pII has not been 

identified so far, and therefore, its function is not known yet (Muhlethaler-Mottet et al., 
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1997). According to the current state of scientific knowledge, pIV is mostly regarded as 

the IFN-γ-responsive promoter of CIITA, which was confirmed in several cell types, 

including human monocytes and murine MSC (Muhlethaler-Mottet et al., 1997; Romieu-

Mourez et al., 2007; Dong et al., 1999b; Muhlethaler-Mottet et al., 1998). The 

susceptibility of pIV to IFN-γ stimulation was also reported for human MSC, but only 

comparisons of pIII and pIV were shown in the respective studies (Tang et al., 2008; 

Bocelli-Tyndall et al., 2010). A thorough search of relevant literature yielded no article 

that reported an evaluation of the activity of all four CIITA promotors in human MSC. 

Furthermore, a general additional responsiveness towards stimulation with IFN-γ was 

reported for pIII in mesenchymal tumor cells and smooth muscle cells (Piskurich et al., 

1999; Butticè et al., 2006). 

In order to completely elucidate the promoter usage of CIITA in primary human MSC 

under IFN-γ treatment, a ChIP analysis was conducted to investigate markers of active 

gene transcription at the four different promoter sites. 

From this ChIP analysis, IFN-γ treatment seemed to activate CIITA expression mainly 

via pIV in all cell types tested. Here, primary MSC as well as PBMC showed clear signals 

for H3K4me3 and H3K27ac, marking the localization of a transcriptional start site and an 

active enhancer element, respectively, and thereby suggesting that transcription takes 

place at this locus (Heintzman et al., 2007; Creyghton et al., 2010). In both cell types, 

these signals were also observed in untreated cells, but in addition, RNAPII was recruited 

to pIV in MSC under IFN-γ treatment. Also in T47D cells, the H3K4me3 signal was 

observed at pIV in treated as well as untreated cells, and RNAPII binding was enabled 

in the presence of IFN-γ. 

In contrast to pIV, pI seemed not to be active under the chosen conditions in all three 

cell types tested. Consistent with this observation, also Bocelli-Tyndall et al. (2010) did 

not detect activity of pI in MSC. 

At pII, the observed H3K27ac signals without simultaneous H3K4me3 signal induction in 

MSC and PBMC were not a sign for gene activation but were most likely caused by the 

close proximity of an enhancer element to this promoter. This interpretation is supported 

by the discovery of several distal enhancers, which interact with CIITA pIV via formation 

of a three-dimensional chromatin structure after IFN-γ induction. One of these enhancers 

was found to overlap with the pII locus (Reith and Boss, 2008; Ni et al., 2008). 

In PBMC, the H3K4me3 signal at pIII suggested activation of the promoter in at least a 

part of the population. As PBMC are a mixture of different cell types, an activity of more 

than one promoter in the total population was to be expected. In fact, pIII is the mainly 

active promoter in B-cells, which account for up to 10% of total PBMC (Muhlethaler-
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Mottet et al., 1997; Kleiveland, 2015). The slight signals observed for all markers at pIII 

in MSC may be caused by physical proximity of pIII and pIV within the cell due to the 

short genomic distance between these promoters. This was suggested before as an 

explanation for low additional levels of CIITA pIV mRNA in cells expected to express 

mRNA from pIII and vice versa (Muhlethaler-Mottet et al., 1997). Another possibility is 

that a small portion of cells in the MSC population may respond to IFN-γ treatment with 

activation of CIITA expression via pIII, while in the main part pIV is used. Besides, this 

observation is supported by another study in MSC that reported constitutive expression 

of CIITA via pIII and stronger, IFN-γ-mediated expression via pIV (Tang et al., 2008). 

Taken together, the generally proposed responsiveness of CIITA pIV to IFN-γ could be 

confirmed for human MSC. This observation was in line with Tang et al. (2008) and 

Bocelli-Tyndall et al. (2010). However, the present study was the first to report an 

analysis of all four promoters of CIITA under IFN-γ treatment in primary human MSC. 

Besides, an additional involvement of pIII in IFN-γ-mediated activation of CIITA in MSC 

also seems possible. 

In line with prior results (section 4.3), PBMC did not show clear signs of responsiveness 

to IFN-γ treatment. Again, the response of T47D cells to IFN-γ was similar to that of 

MSC, supporting the previous notion that T47D cells appeared to be a suitable control 

cell line for the following transduction experiments. 

4.5 IFN-γ enhances the expression of HLA-DR surface protein and 

reduces the immunosuppressive capacity of primary human MSC 

One of the most interesting features of MSC is their capability for immunomodulation via 

interaction with various types of immune cells (reviewed by Dorronsoro et al., 2013). 

According to different reports, they can either be immunosuppressive or immuno-

stimulating, but the exact discrimination between these two states has not been resolved 

entirely (Di Nicola et al., 2002; Li et al., 2012). 

In the present study, CIITA was chosen as a target for activation in order to establish a 

protocol for a target gene that is not naturally expressed and supposedly less susceptible 

to SAM-mediated activation but also with a presumed influence on the immunogenicity 

of MSC. As IFN-γ treatment was shown to be a natural way to activate CIITA and 

HLA-DR expression in primary MSC, the consequences of elevated expression levels of 

both genes were at first analyzed in this context. 

CIITA is regarded as the ‘master regulator’ of all HLA class II genes in humans (Reith et 

al., 1995). To confirm the correlation between IFN-γ-mediated activation of CIITA gene 

expression and the actual upregulation of HLA-DR protein on the cell surface, MSC were 



Discussion 

76 

evaluated by flow cytometry after treatment. Incubation with IFN-γ for 2 h was sufficient 

to strongly induce HLA-DR protein expression on the surface of MSC, which was still 

detectable after 5 days. Moreover, a constant exposure to IFN-γ for 5 days led to even 

higher levels of HLA-DR protein expression per cell. This observation is in line with 

present literature, as expression of HLA-DR protein in response to IFN-γ treatment was 

reported before for human MSC and different other cell types (Romieu-Mourez et al., 

2007; Bocelli-Tyndall et al., 2010; Polchert et al., 2008; Phillips et al., 1984; reviewed by 

Glimcher and Kara, 1992). 

Next, the impact of elevated levels of HLA-DR surface protein on the immunomodulatory 

capacities of human MSC was investigated. The previously shown assessments of gene 

expression on mRNA or protein level are an interesting basis for examinations, but a 

biologic effect can only be assessed by analyzing functionality. HLA-DR, like other 

members of the HLA protein family, is required for T-cell activation by APC (see 

section 1.2). Therefore, it was to be examined whether activated expression of surface 

HLA-DR by MSC would have an influence on their interaction with T-cells during co-

culture. To this end, MSC were pre-treated or treated permanently with IFN-γ and co-

cultured with CFSE-stained PBMC in T-cell proliferation assays (Nold et al., 2015; Killer 

et al., 2017). According to this analysis, untreated MSC were generally immuno-

suppressive, as they were capable to inhibit the proliferation of both CD4+ and CD8+ 

T-cells. In contrast, a pre-treatment of MSC with IFN-γ for 2 h was sufficient to markedly 

diminish their inhibitory capacity. Surprisingly, even though permanent addition of IFN-γ 

to the co-culture also reduced the immunosuppression mediated by MSC, the effect was 

lower than after the 2 h pre-treatment. 

The general immunosuppressive potential of human MSC is well-established, and the 

inhibition of T-cells was reported before by different groups (Killer et al., 2017; Nold et 

al., 2015; Di Nicola et al., 2002; Crop et al., 2009). The same applies to the variability 

seen in the magnitude of percental T-cell suppression when comparing cells from 

different donors (Killer et al., 2017). As HLA-DR plays an important role in immune 

reactions, a shift in the immunomodulatory capacities of MSC after induction of HLA-DR 

protein expression was not surprising. However, previous data on the effects of IFN-γ on 

immune regulation exerted by MSC are rather contradictory. MSC expressing HLA-DR 

in response to IFN-γ activation were reported to act as APC, as they phagocytize, 

process and present antigen in vitro and have been demonstrated to stimulate T-cell 

proliferation in vitro and in vivo (Chan et al., 2006; Romieu-Mourez et al., 2007; Stagg et 

al., 2006; Bocelli-Tyndall et al., 2010). On the other hand, also an enhancement of 

immunosuppression by MSC has been observed after IFN-γ treatment (Li et al., 2012; 

van Megen et al., 2019; Boyt et al., 2020; Polchert et al., 2008). Some studies also 
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reported a bimodal system in which the expression of HLA class II molecules and 

antigen-presentation by MSC as well as the discrimination between immunosuppression 

and -stimulation seem to depend on the concentration of IFN-γ applied and/or further 

properties of the surrounding milieu, such as the concurrent presence of other cytokines 

or drugs. This can in turn affect the expression of immune-relevant genes by MSC (Tang 

et al., 2008; Chan et al., 2006; Li et al., 2012). Also, the determination between 

suppression and stimulation exerted by MSC was attributed to the degree of concomitant 

T-cell pre-activation (Renner et al., 2009). Accordingly, MSC were reported to promote 

lymphocyte proliferation at low concentrations of the proinflammatory cytokines IFN-γ 

and TNFα but to be immunosuppressive at sufficiently high concentrations of the same 

cytokines (Li et al., 2012). A possible explanation can be found in the observation that 

HLA-DR expression is activated by MSC at low doses of IFN-γ but is downregulated 

when the dosage is increased (Tang et al., 2008; Chan et al., 2006). 

Interestingly, according to Boyt et al. (2020), treatment of MSC with higher doses of IFN-γ 

(as in the articles mentioned before) versus a longer incubation time (as in the present 

study) are not equivalent regarding their influence on the immunomodulation exerted by 

MSC. Moreover, MSC as primary stem cells can react rather sensitive towards variations 

in isolation procedure, storage, treatment or culture conditions, which can easily vary 

between labs. Therefore, results from different studies with primary cells might not be 

entirely comparable. 

In order to rule out the possibility of a direct activating effect of IFN-γ on T-cells during 

the co-culture, PBMC were also treated with IFN-γ in the absence of MSC. Here, T-cell 

proliferation was not significantly affected. Accordingly, this does not explain the 

observations made. Further, as allogeneic PBMC were applied, another explanation 

could be that the surface expression of HLA-DR protein caused MSC to lose their non-

immunogenic state and to be detected as foreign by T-cells during the co-culture, leading 

to a restoration of T-cell activation and proliferation. 

In summary, it could be shown that the expression of surface HLA-DR protein was 

induced in primary MSC in response to IFN-γ treatment. Concurrently, their capacity for 

immunosuppression of human T-cells was reduced, but this reduction was not consistent 

with extended incubation time. The observations made were useful to substantiate that 

HLA-DR protein expressed by MSC influences their capacity for immunomodulation. 

Further analyzes are necessary to completely elucidate the involved mechanisms. 

However, as IFN-γ treatment of MSC was only used as a surrogate to investigate 

possible effects of elevated levels of surface HLA-DR in this study, this was not pursued 

further. IFN-γ is well known to affect various target genes, which could have influenced 
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the observations made. The activation of CIITA and HLA-DR using CRISPR/Cas9 SAM, 

however, is not supposed to affect other signaling pathways and may therefore have a 

different and potentially stronger effect. 

4.6 Activation of CIITA promoter III induces gene expression in 

established cell lines but not in primary MSC 

The preceding analyses showed effects of IFN-γ stimulation, and thus transiently 

activated HLA-DR protein expression, on the immunomodulatory capacities of primary 

human MSC. The next step was to establish a stable activation of HLA-DR by using the 

protocol introduced in section 3.1 for induction of CIITA gene expression. This was 

intended to provide proof of concept of the SAM system’s capability to induce a target 

gene that is naturally not expressed by MSC without external stimulation. 

First, the allegedly IFN-γ-independent promoter pIII was chosen as the target for SAM-

mediated gene activation based on the previous analysis of the four promoters of CIITA 

(section 4.4; Killer et al., 2025) and the reported activity of pIII in human MSC (Tang et 

al., 2008). 

Three gRNAs targeting pIII of human CIITA were designed, and the initial testing of the 

system was again done via transient transfection of HEK-293T cells. Here, especially 

gRNA_CIITA-pIII #2 and the three gRNAs in pooled application were effective in 

activating CIITA and HLA-DR gene expression as well as HLA-DR protein expression. 

The different performance of the individual gRNAs was not surprising, as gRNA design 

is only done with regard to characteristics of the target DNA sequence, such as the GC 

content and the presence of certain motifs. On-target efficiency and potential off-target 

effects can be estimated, but actual effectivity is hard to predict theoretically and 

therefore has to be tested in practice (reviewed by Cui et al., 2018). 

Based on the promising observations made in HEK-293T cells, gRNA_CIITA-pIII #2 was 

chosen for the establishment of the SAM system targeting CIITA pIII via lentiviral delivery 

in other cell types. T47D cells were again applied as a control cell line to ensure the 

general functionality of the system. In T47D, gene expression of both CIITA and HLA-DR 

was activated using the mentioned gRNA. In contrast, establishment of the system was 

more challenging in primary MSC: Several enhancers of transduction efficiency were 

compared, and only addition of Polybrene in combination with spinofection was effective 

in inducing CIITA gene expression when targeting pIII. However, as explained in 

section 4.1, spinofection was harmful to MSC survival and was therefore omitted in 

following experiments. Without spinofection, the effects of Polybrene were no longer 

reproducible even when all three gRNAs targeting CIITA pIII were compared and 



Discussion 

79 

combined. These observations suggest that gene activation via CIITA pIII was only 

effective in primary MSC when Polybrene was applied in a spinofection-based protocol, 

which was at the same time detrimental to cell survival. 

One consideration regarding the difficulties of CIITA gene activation in primary MSC was 

that CIITA pIII could be inaccessible for the SAM components or the general transcription 

machinery due to a blockade by epigenetic regulators. This idea was supported by the 

observed loss of HLA class II expression in various types of tumor cells, which has been 

attributed to epigenetic silencing of the CIITA gene, more precisely to DNA hyper-

methylation and histone deacetylation of pIII and pIV (reviewed by LeibundGut-

Landmann et al., 2004a; Holling et al., 2004; van der Stoep et al., 2002; Kanaseki et al., 

2003). In these studies, gene expression of CIITA and HLA-DR was restored by 

application of inhibitors of DNA methyltransferases (DNMT) or histone deacetylases 

(HDAC; Holling et al., 2004; van der Stoep et al., 2002; Kanaseki et al., 2003). Besides, 

HDAC inhibition was shown before to enhance the efficiency of transient transfection in 

primary human MSC (Ho et al., 2020). Based on these reports, it was hypothesized that 

modification of epigenetic regulators could similarly increase the efficiency of CIITA gene 

activation in SAM-transduced MSC by improving promoter accessibility. Contrary to this 

assumption, the applied epigenetic inhibitors did not facilitate SAM-mediated activation 

of CIITA expression from pIII. This is conflicting with another study using HDAC inhibition 

to induce CIITA gene expression specifically from pIII and pIV (Kanaseki et al., 2003). In 

this study, however, gene activation was only achieved if IFN-γ was added in addition to 

HDAC inhibition. In case of the present study, the SAM system was supposed to ensure 

gene activation similarly, but the outcome was different. As the other study employed 

exclusively squamous cell carcinomas, the present observations can potentially originate 

from a promoter blockade or other epigenetic regulation specifically found in MSC. 

Interestingly, a tendency for a direct effect of both applied epigenetic inhibitors on target 

gene expression was observed in non-transduced MSC. Here, expression of CIITA and 

HLA-DR was increased by the HDAC inhibitor VPA but decreased by the DNMT inhibitor 

decitabine. According to literature, DNA methylation as well as histone deacetylation 

contribute to low expression levels or complete silencing of CIITA in various cell types 

(Holling et al., 2004; van der Stoep et al., 2002; Morimoto et al., 2004; Satoh et al., 2004; 

Cycon et al., 2013; Kanaseki et al., 2003). Correspondingly, application of HDAC 

inhibitors was shown to directly stimulate gene expression of CIITA and HLA-DR or to 

enable IFN-γ-activated expression (Cycon et al., 2013; Kanaseki et al., 2003), which is 

in agreement with the observations of the present study regarding a direct effect of VPA. 

However, a thorough search of relevant literature yielded no reports on the effects of 

CIITA promoter demethylation using DNMT inhibitors in primary MSC. 
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DNA methylation and histone deacetylation are known to be associated with each other 

in regard to epigenetic silencing in general, and the same was shown for the promoter 

regions of CIITA, but the extent of contribution of both factors depends on the respective 

cell type (Nguyen et al., 2001; Morimoto et al., 2004; Satoh et al., 2004). A study 

concerned with regulation of CIITA in rhabdomyosarcoma cells found out that in one of 

the tested cell lines, HDAC inhibition alone was the most effective way to activate CIITA 

gene expression, while a combined application of an HDAC and a DNMT inhibitor led to 

a synergistic effect in another cell line (Londhe et al., 2012). Therefore, combined 

application of VPA and decitabine could be an interesting approach for further 

investigation regarding the accessibility of CIITA pIII for SAM-mediated activation. 

Besides, also other inhibitors could be applied as alternatives to those already tested. 

Surprisingly, the addition of antibiotics for selection of successfully transduced cells did 

not result in increased expression of CIITA and HLA-DR in primary MSC when targeting 

CIITA pIII. Quite the contrary, overall expression levels of both target genes were 

markedly reduced in comparison to cells that were treated in the same manner but not 

selected with antibiotics. Although the appropriate amount of each antibiotic was titrated 

beforehand for each cell type, treated MSC appeared to be markedly stressed by 

antibiotic selection and possibly scaled down their transcription machinery. Expression 

levels of the control gene GAPDH remained rather stable at the same time (data not 

shown). This suggests that the expression of housekeeping genes was kept intact while 

the expression of non-essential genes was cut back, possibly in favor of an elevated 

expression of stress-response genes. The reduced target gene expression levels 

observed could also be the result of a secondary effect of cell stress, such as a decrease 

in cell growth rates (Murray et al., 2004). As the suitable amounts of antibiotics were 

determined in otherwise untreated cells, it is conceivable that in the final experiment, cell 

stress was maximized by the consecutive application of lentiviral transduction and 

antibiotic selection. To verify these assumptions, gene products of stress-activated 

genes could be analyzed in non-transduced and transduced cells with and without 

application of antibiotics. Also, the activity of components of the transcriptional machinery 

could be monitored in this context, e.g., via analyses of transcriptomics and proteomics, 

and general cell viability could be determined using MTT assays. 

Lastly, as an alternative to the lentivirus-based version of the SAM system, the 

PB-UniSAM plasmid was applied, which contains the complete system in a transposon-

based form. Chemical transfection was not successful for transfer of nucleic acid into 

primary human MSC, while it was highly efficient in an established control cell line. The 

difference between cell types was unsurprising, given that primary cells, and among 
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them especially stem cells, are generally regarded to be a more challenging target for all 

sorts of genetic engineering techniques due to their heterogeneity (Li et al., 2013). 

Despite the difficulties in MSC, the general functionality of the PB-UniSAM system was 

confirmed by activation of both target genes in the control cell line. Besides, 

nucleofection was tested as an electroporation-based physical method for cellular 

delivery of plasmid DNA. Successful application of nucleofection in primary human MSC 

was reported before (Boura et al., 2014). Even though the same kit and protocol 

specifically for nucleofection of primary human MSC were used in the present study, the 

electroporation was clearly harmful, and many cells did not survive the procedure. This 

outcome is supported by a study that compared nucleofection in various primary cell 

types and reported human MSC to be among the cells with the highest mortality rate 

(Gresch et al., 2004). In both reports mentioned, nucleofection was effective in primary 

MSC, though Boura et al. (2014) reported viral transduction to be superior regarding the 

functionality of MSC as described before in section 4.1. However, in the present study, 

expression of target genes was not induced compared to control cells. In view of these 

observations and the reports mentioned above, non-viral methods for genetic 

engineering of primary MSC were not pursued further in this study. 

Taken together, the attempts to induce gene expression via activation of CIITA pIII were 

not successful in primary MSC, although different well-established approaches and 

supplements were tested, including epigenetic modification. However, gene activation of 

CIITA and HLA-DR achieved in control cell lines confirmed the general functionality of 

the applied systems. Previous results regarding CIITA promoter usage (section 4.4; 

Killer et al., 2025) as well as literature concerning general and IFN-γ-induced expression 

of CIITA indicated that both pIII and pIV are relevant for gene expression in primary 

human MSC. As a reproducible activation of CIITA in primary MSC via pIII could not be 

achieved, this was not pursued further, and the system was modified for targeting of 

CIITA pIV. 

4.7 Activation of CIITA promoter IV enables target gene and protein 

expression not only in established cell lines but also in immortalized 

and primary human MSC 

As targeting of CIITA pIII with the SAM system was not successful for gene activation in 

primary human MSC, pIV was chosen as the subsequent target. An activity of pIV in 

human MSC, at least in response to IFN-γ treatment, was suggested before in literature 

and by the comparative analysis of the four promoters of CIITA in the present study 

(Tang et al., 2008; Bocelli-Tyndall et al., 2010; Killer et al., 2025; section 4.4). 
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Based on previous experiments, T47D cells appeared to be a valid control cell line for 

the establishment of SAM-mediated activation of CIITA via pIV in primary MSC, as their 

performance in terms of CIITA promoter usage and response to IFN-γ treatment was 

similar. However, the two cell types differed regarding gene activation via CIITA pIII. In 

order to obtain a presumably more suitable additional control, the immortalized human 

MSC line K5 iMSC was included for subsequent analyses. 

Once again, the initial testing of the gRNAs was done via transient transfection of the 

SAM system in HEK-293T cells, and all gRNAs targeting CIITA pIV were suitable to 

activate CIITA and HLA-DR gene expression. The system was then applied for lentiviral 

transduction of different cell types, followed by antibiotic selection of successfully 

engineered cells. In T47D cells, expression of both target genes was distinctly induced. 

Notably, when CIITA pIV was the target for activation using SAM, induction of both CIITA 

and HLA-DR was accomplished in immortalized K5 iMSC as well as primary human 

MSC. The achieved maximum expression levels were similar in both types of MSC. 

Thus, the gRNAs designed to target CIITA pIV successfully activated gene expression 

in all cells tested, but the efficiency of the individual gRNAs differed between cell types. 

Also the occurrence of additive effects after pooled application of all three gRNAs was 

heterogeneously observed. As mentioned before in section 4.1, cell type-specific 

differences in basal gene expression profiles or accessibility of promoter regions can be 

the cause of these diverging performances of individual gRNAs between cell types. 

As to be expected, the efficiency of gene activation was lower in K5 iMSC than in T47D 

cells. K5 iMSC are also immortalized, though they are not derived from differentiated 

cells but from primary MSC (Burk et al., 2019). In contrast, many established cell lines, 

such as T47D, are derived from tumor cells. Therefore, they exhibit a higher stability in 

response to experimental stress and proliferate at higher rates compared to primary 

cells, making genetic engineering more promising (Keydar et al., 1979). K5 iMSC, 

however, are in some measure "in between" established cancer cell lines and primary 

cells and presumably not as robust as conventional cell lines, while at the same time 

maintaining functional characteristics of their primary progenitors (Burk et al., 2019). 

Beyond that, when targeting a transcription factor, also lower induction of gene 

expression can be sufficient to cause strong effects (Niwa et al., 2000). Surprisingly, 

maximum levels of target gene activation observed in primary MSC were comparable to 

those in K5 iMSC. Primary stem cells are generally considered to be the hardest to 

modify, which is why lower levels of gene induction were to be expected in comparison 

to immortalized cells. The observation of similarly high levels of both target genes 
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expressed by primary MSC and K5 iMSC is therefore considered to be a major 

achievement. 

Notably, while similar maximum expression levels of CIITA were observed in both types 

of MSC, these were detected earlier in K5 iMSC than in primary MSC (9 days vs. 17 days 

post transduction), indicating that gene activation is accelerated in the immortalized cells. 

Therefore, it appears interesting to further examine the time course of SAM-mediated 

gene activation in both cell types. Generally, as described in section 2.2.6, the timing of 

cell splitting and harvests in each experiment had to be adapted depending on the 

proliferation rate and viability of the respective cells, especially when working with 

primary MSC. Accordingly, it was not always possible to harvest different cell types on 

the same day or to analyze cells at the same time point when repeating an experiment. 

When examining cells that grew without antibiotic selection pressure, the dynamics of 

gene activation were generally similar although with some minor differences. If more than 

one time point after transduction was examined, a tendency for higher gene expression 

levels with longer cell culture was observed in most cases. 

In most experiments, maximum induction of target gene expression (compared to the 

respective negative control) was higher in antibiotically selected cells compared to cells 

that were not selected. This was generally not surprising, as the population of unselected 

cells represents a mixture of transduced and non-transduced cells, making lower overall 

expression levels of target genes plausible in this population. During antibiotic selection, 

however, non-transduced cells are expected to die, leading to higher expression levels 

in the remaining population of only successfully transduced cells. An alternative 

interpretation could be that in the non-selected cell population, successfully transduced 

cells may be stressed by the transduction in such a way that non-transduced cells gain 

a temporary advantage and regrow, leading to a reduced overall target gene expression 

in this population. 

Moreover, expression levels of target genes after transduction with the SAM system and 

a non-coding control gRNA were directly compared in cells grown with and without 

antibiotic selection. It could be shown that the addition of antibiotics significantly reduced 

basal expression of CIITA and HLA-DR in primary MSC but not in T47D cells and only 

slightly in K5 iMSC. Similar to what was described in section 4.6, expression levels of 

the reference gene GAPDH remained stable at the same time. This indicates that cells 

were stressed in such a way that expression of non-essential genes was downregulated, 

whereas expression of housekeeping genes was kept intact. This observation supports 

the idea that especially primary MSC were overly stressed due to the combined 

detrimental effects of lentiviral transduction and antibiotic selection. Possibilities to 
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overcome this problem could be an application of reduced doses of each antibiotic or a 

longer waiting period between transduction and antibiotic treatment to facilitate recovery 

from cell stress. On the other hand, senescence of primary MSC is associated with loss 

of immunomodulatory and differentiation capabilities (Nold et al., 2015; Schellenberg et 

al., 2011), and therefore, cultivation time should not be extended unnecessarily. In this 

regard, antibiotic selection appears to be suboptimal for primary MSC and requires 

thorough fine-tuning if it is to be combined with genetic engineering techniques. 

In order to support previous observations and to verify if elevated target gene expression 

levels were indeed translated into protein expression, surface HLA-DR was measured 

on transduced and antibiotically selected cells. In line with mRNA data, a prominent 

effect was observed in T47D cells, where the majority of cells were identified as HLA-DR 

positive. In this case, only the most effective gRNA as deduced from the mRNA analysis 

was applied, while for the other cell types, all gRNAs were tested. In K5 iMSC, expression 

of surface HLA-DR was clearly induced, although the proportion of HLA-DR positive cells 

was considerably lower than in T47D cells, which was consistent with mRNA data. Again, 

the outcome was very similar for primary MSC, and the maximum proportion of HLA-DR 

positive cells achieved was nearly as high as that of K5 iMSC. The translation of SAM-

mediated CIITA gene activation to HLA-DR protein expression showed that the basic 

intracellular mechanisms were intact and not disturbed by the transduction procedure. 

For both types of MSC, the examination of surface HLA-DR was also conducted in cells 

that were transduced without the addition of antibiotics. Again, the outcome was similar, 

although the respective percentages of HLA-DR positive cells were lower without 

selection. As explained above in regard to the mRNA data, unselected cells represent a 

heterogeneous mixture of transduced and non-transduced cells, making reduced levels 

of overall gene or protein expression in this population plausible. 

Notably, the protein analysis of K5 iMSC and primary MSC was done 9 d after 

transduction, which was dictated by the cells’ growth rates and the number of cells 

available at the time of each harvest. However, previous results obtained from qRT-PCR 

analyses showed that gene expression of both CIITA and HLA-DR was further increased 

at later time points after transduction in primary MSC. Therefore, a repetition of this 

experiment appears interesting in order to examine if also the expression of HLA-DR 

surface protein further increases with longer cultivation time. 

In general, the effects of SAM-mediated CIITA induction on HLA-DR protein expression 

of immortalized and primary MSC appeared to be rather low in comparison to T47D cells. 

However, as established cell lines are immortalized and mostly derived from tumor cells, 

they cannot be compared with stem cells or primary cells regarding experimental 
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behavior and efficiency of genetic engineering. Beyond application of antibiotics, further 

selection methods such as fluorescence-activated cell sorting (FACS) could be applied 

to enrich the HLA-DR positive MSC population. In view of this, alternative versions of the 

lentiviral plasmids exist, which encode both SAM fusion proteins tagged with GFP 

markers (Konermann et al., 2015; Addgene #61422 and #61423). 

In order to monitor the biologic effects of SAM-mediated activation of CIITA in primary 

MSC, successfully transduced cells should be applied in T-cell proliferation assays as 

described before (Nold et al., 2015; Killer et al., 2017). This was initially planned as a 

part of the present study but could not be completed due to the complexity of protocol 

establishment and time constraints. Further investigations may be necessary for fine-

tuning of experimental conditions, from MSC transduction to application in the co-culture. 

Furthermore, a variation in the degree of initial T-cell stimulation could be interesting to 

investigate the possible influence of T-cell pre-activation on MSC-mediated immuno-

modulation. In this way, it may also be possible to investigate the full range of reported 

outcomes of interactions between MSC and T-cells (Renner et al., 2009; Boyt et al., 

2020). Experimental stimulation of T-cells to a medium degree could allow to detect 

suppression as well as stimulation potentially exerted by SAM-modified MSC. 

Additionally, T-cell activity could be analyzed before, during and after the co-culture to 

monitor how MSC expressing HLA-DR may affect T-cell activation. This could be done 

using established in vitro assays (Zappasodi et al., 2020). The general possibility of 

MSC-mediated activation of T-cells appears especially interesting in connection with 

cancer immune evasion, in which tumor cells escape detection by the immune system 

through loss of surface antigens. In the long term, T-cell recruiting and activation 

mediated by MSC engineered to express HLA-DR or other immunostimulatory molecules 

may become a feasible strategy for anti-tumor treatment. 

In summary, when the CRISPR/Cas9 SAM system was applied to target CIITA pIV, 

expression of both target genes, i.e., CIITA and HLA-DR, was induced in conventional 

cell lines as well as immortalized and, moreover, primary human MSC. As a result, also 

expression of HLA-DR surface protein was activated in all transduced cell types. 

Therefore, in addition to the prior activation of a naturally inducible gene in primary MSC 

(CEBPA, section 4.2), the SAM system also enabled the activation of a presumably less 

susceptible target that is normally not expressed by MSC without extrinsic stimulation. 

Notably, maximum levels of target gene expression observed were comparable in 

primary and immortalized MSC. Further in vitro analyses could elucidate the biologic 

effects of SAM-mediated induction of surface HLA-DR on the immunomodulatory 

capacities of human MSC. 
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4.8 Conclusion 

Since more than 20 years, primary human MSC are being examined regarding their 

utilization as cellular therapy for treatment of various diseases. In March 2018, injection 

of adipose tissue-derived MSC was approved by the EMA to reduce inflammation of anal 

fistulas in Crohn’s disease, representing the first medical treatment based on allogeneic 

MSC authorized in the European Union (Sheridan, 2018; Filho et al., 2019). Despite this 

major step for establishment of MSC as a routinely used cell therapy, an implementation 

of genetic engineering remains highly relevant to expand their clinical applicability. 

Within the framework of this study, an optimized protocol for transduction of primary 

human MSC was successfully established, which represents a possibility for stable gene 

activation using the CRISPR/Cas9 SAM system. This protocol enabled the activation of 

CEBPA, a gene that is naturally induced during differentiation in primary MSC. Moreover, 

it also allowed the induction of CIITA, a target gene that is normally not expressed by 

MSC without extrinsic stimulation. Though levels of gene activation in primary MSC were 

expectedly lower than those in a tumor cell line applied as a control, they were 

comparable to those observed in an immortalized MSC line, which can be regarded as 

a major achievement. 

Besides, this study aimed not only to establish gene activation in primary MSC in general 

but also to investigate a target gene with potential effects on MSC-mediated immuno-

modulation. The CIITA gene was further analyzed regarding activation and promoter 

usage under IFN-γ treatment and induction of the downstream target HLA-DR. Primary 

MSC expressing HLA-DR in response to IFN-γ treatment exhibited a reduced capacity 

for immunosuppression of human T-cells. However, further analyses of IFN-γ-treated as 

well as SAM-modified MSC are necessary to fully understand how altered expression of 

HLA-DR affects MSC-mediated immunomodulation. 

Irrespective of the eventual outcomes of SAM-mediated activation of HLA-DR 

expression, the established protocol for gene activation in primary MSC is a major 

achievement of this study. The activation of further target genes holds the potential to 

increase the possible applications of MSC for pre-clinical research and clinical 

applications by a multiple. Further investigations in this field can pave the way for medical 

approval and clinical application of engineered MSC.
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5 Summary (English) 

Mesenchymal stromal cells (MSC) possess the combined abilities for chemotactic tumor 

homing and immunomodulation, which makes them highly interesting for clinical 

applications. Beyond that, genetic engineering of MSC has the potential to expand the 

scope of their possible applications. 

Hence, the objective of this study was to establish a procedure for stable gene activation 

in primary human MSC. The clustered regularly interspaced short palindromic repeats 

(CRISPR)/CRISPR-associated protein 9 (Cas9) synergistic activation mediator (SAM) 

was chosen. This technique enables permanent induction of target gene expression and 

was already applied for engineering of other human stem cells. First, the SAM system 

was to be generally established in primary MSC by its application for activation of a gene 

that is naturally inducible in MSC. Moreover, it was to be tested whether SAM also 

enables the activation of a target gene that is presumably less susceptible for activation 

in MSC. 

For the development of a protocol specifically for transduction and genetic modification 

of primary MSC, various established approaches and supplements were tested. Some 

of these were found to be suitable for MSC, while others were not. In the eventually 

established process, the transduction was done in serum-free medium with application 

of RetroNectin for plate coating and Polybrene as a transduction enhancer. Medium 

containing viral particles was concentrated and used directly for transduction of target 

cells (instead of frozen storage). Antibiotic selection appeared to be suboptimal for 

primary MSC. As the components of the SAM system are encoded in three individual 

plasmids, the transduction process was divided into two steps to reduce cell stress and 

to increase transduction efficiency. 

For protocol establishment, CEBPA, the gene encoding the transcription factor 

CCAAT/enhancer-binding protein alpha, was chosen as an initial target for SAM-

mediated activation. It is naturally induced during adipogenic differentiation of MSC and 

was therefore suspected to be rather susceptible for activation. Indeed, CEBPA was 

clearly activated in control cell lines and primary MSC, demonstrating the functionality of 

the established protocol. 

The subsequent target for activation was the class II transactivator (CIITA) gene, 

encoding a regulator of human leukocyte antigen (HLA) class II transcription. It was 

chosen primarily to analyze whether the SAM system enables the activation of a 

presumably less susceptible target gene that is not naturally expressed by MSC without 

extrinsic stimulation. Besides, as CIITA regulates the expression of the DR isotype of 
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HLA (HLA-DR), amongst others, an activation of CIITA appeared to be interesting with 

regard to potential effects on the immunomodulatory capacity of MSC. 

Initial experiments showed that the expression of CIITA as well as its downstream target 

gene HLA-DR was inducible in primary MSC and a control cell line by addition of 

interferon gamma (IFN-γ). Besides, IFN-γ activated expression of HLA-DR protein on the 

cell surface of MSC and reduced their capacity for T-cell suppression, which was 

demonstrated via co-cultivation with peripheral blood mononuclear cells. According to a 

chromatin immunoprecipitation analysis of the four promoters of CIITA, promoter IV 

appeared to be the main IFN-γ-inducible promoter but with a conceivable additional 

activity of promoter III in human MSC. 

CIITA promoter III and promoter IV were consequently chosen as targets for SAM-

mediated gene activation. When targeting promoter III, gene expression was induced in 

the control cell line, proving the general functionality of the system and the guide RNAs 

applied. In MSC, however, CIITA expression could not be activated, neither by addition 

of epigenetic inhibitors for improved promoter accessibility nor by using an alternative 

system for cellular delivery of the SAM components. 

In contrast, when using the SAM system with guide RNAs targeting CIITA promoter IV, 

gene activation was achieved not only in the control cell line and an immortalized MSC 

line but also in primary MSC. Increased expression of CIITA and HLA-DR was verified 

on mRNA as well as on protein level in all cell types. Notably, maximum levels of target 

gene expression observed were comparable in primary and immortalized MSC. 

Taken together, a protocol for transduction and SAM-mediated gene activation in primary 

human MSC was established. It was successfully applied not only for activation of the 

control gene CEBPA but also for the presumably less susceptible target gene CIITA. 

Functional activation of the latter was demonstrated by the induction of HLA-DR gene 

and protein expression. 

In the long term, the establishment of genetic engineering in primary human MSC has a 

high potential to further increase their applicability in pre-clinical and clinical research. 
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6 Zusammenfassung (Deutsch) 

Mesenchymale Stammzellen (MSC) vereinen die Fähigkeit des chemotaktischen Tumor-

Homings und die der Immunmodulation, was sie interessant für klinische Anwendungen 

macht. Darüber hinaus hat die gentechnische Veränderung von MSC das Potenzial, ihre 

Anwendungsmöglichkeiten noch zu erweitern. 

Ein Ziel dieser Studie war daher, ein Verfahren zur stabilen Genaktivierung in primären 

humanen MSC zu etablieren. Der clustered regularly interspaced short palindromic 

repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) synergistic activation mediator 

(SAM) ermöglicht eine dauerhafte Aktivierung der Expression von Zielgenen und wurde 

zuvor bereits zur Modifikation anderer menschlicher Stammzellen eingesetzt. Diese 

Methode sollte durch Aktivierung eines Gens, das in MSC natürlicherweise induzierbar 

ist, zunächst generell in primären MSC etabliert werden. Darüber hinaus sollte getestet 

werden, ob das SAM-System auch die Aktivierung vermutlich weniger „empfänglicher“ 

Zielgene in MSC ermöglicht. 

Um ein Protokoll speziell zur Transduktion und genetischen Modifikation von primären 

MSC zu entwickeln, wurden verschiedene gängige Herangehensweisen und Zusätze 

getestet, von denen nicht alle für MSC geeignet waren. Im letztlich etablierten Verfahren 

erfolgte die Transduktion in serumfreiem Medium unter Verwendung von RetroNectin 

zum Beschichten der Zellkulturplatten und Polybrene als Transduktions-Verstärker. Zell-

überstände mit Viruspartikeln wurden aufkonzentriert und direkt zur Transduktion der 

Zielzellen verwendet (anstatt sie gefroren zu lagern). Selektion mittels Antibiotika zeigte 

sich als suboptimal für primäre MSC. Da die Komponenten des SAM auf drei einzelnen 

Plasmiden kodiert sind, wurde die Transduktion in zwei Schritte aufgeteilt, um den 

Zellstress zu verringern und die Effizienz der Transduktion zu erhöhen. 

Zunächst wurde CEBPA, ein Gen, das für den Transkriptionsfaktor CCAAT/enhancer-

binding protein alpha kodiert, als Ziel für die Aktivierung mittels SAM ausgewählt. Es wird 

in MSC während der adipogenen Differenzierung natürlicherweise aktiviert und wurde 

daher als leicht zugänglich eingeschätzt. Tatsächlich konnte CEBPA in den Kontroll-

zelllinien und in primären MSC deutlich aktiviert werden, womit die Funktionalität des 

etablierten Protokolls nachgewiesen werden konnte. 

Das folgende Ziel für die Aktivierung war das Gen class II transactivator (CIITA), das für 

einen Transkriptionsregulator der Humanen Leukozyten-Antigene (HLA) der Klasse II 

kodiert. Hiermit sollte in erster Linie untersucht werden, ob das SAM-System die 

Aktivierung eines Zielgens ermöglicht, das natürlicherweise von MSC nicht ohne 

extrinsische Stimulation exprimiert wird. Da CIITA unter anderem die Expression des 
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DR-Isotyps von HLA (HLA-DR) reguliert, war eine Aktivierung von CIITA außerdem auch 

hinsichtlich potentieller Auswirkungen auf die immunmodulatorische Kapazität von MSC 

interessant. 

Anfängliche Experimente zeigten, dass die Expression von CIITA und dem nach-

geschalteten Zielgen HLA-DR in primären MSC und einer Kontrollzelllinie durch Zugabe 

von Interferon-gamma (IFN-γ) induzierbar war. IFN-γ aktivierte außerdem die Protein-

expression von HLA-DR auf der Zelloberfläche von MSC und verringerte ihre Fähigkeit 

zur T-Zell-Suppression, was durch Co-Kultur mit mononukleären Zellen des peripheren 

Blutes gezeigt werden konnte. Gemäß einer Untersuchung der vier Promotoren von 

CIITA mittels Chromatin-Immunpräzipitation schien Promotor IV der hauptsächlich 

IFN-γ-induzierbare Promotor von CIITA zu sein, jedoch mit einer denkbaren zusätzlichen 

Aktivität von Promotor III in MSC. 

Promoter III und IV von CIITA wurden folglich als Ziele für die Genaktivierung durch SAM 

ausgewählt. Über Promotor III konnte die Expression von CIITA in einer Kontrollzelllinie 

induziert werden, wodurch die allgemeine Funktionalität des Systems und der 

verwendeten guide RNAs nachgewiesen werden konnte. In MSC war jedoch keine 

Aktivierung von CIITA möglich, weder durch Zugabe epigenetischer Inhibitoren (für eine 

verbesserte Zugänglichkeit des Promotors) noch mittels eines alternativen Systems zum 

zellulären Import der SAM-Komponenten. 

Als dagegen das SAM-System mit weiteren guide RNAs für Promoter IV genutzt wurde, 

konnten die Zielgene CIITA und HLA-DR nicht nur in der Kontrollzelllinie und einer 

immortalisierten MSC-Linie, sondern auch in primären MSC aktiviert werden. Dies 

konnte sowohl auf mRNA- als auch auf Proteinebene in allen Zelltypen nachgewiesen 

werden. Besonders bemerkenswert ist dabei, dass die beobachteten maximalen 

Expressionslevel der Zielgene in primären und immortalisierten MSC vergleichbar hoch 

waren. 

Insgesamt konnte ein Protokoll zur Transduktion und Genaktivierung mittels SAM für 

primäre humane MSC etabliert werden. Es wurde nicht nur zur Aktivierung des Kontroll-

gens CEBPA, sondern auch für das vermutlich weniger „empfängliche“ Zielgen CIITA 

erfolgreich angewendet. Die funktionelle Aktivierung von CIITA konnte anhand der 

Proteinexpression von HLA-DR nachgewiesen werden. 

Auf lange Sicht hat die Etablierung genetischer Modifikationen in primären humanen 

MSC großes Potenzial, ihre Anwendbarkeit in der präklinischen und klinischen 

Forschung weiter zu steigern. 
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8 Appendix/Anhang (English/German) 

8.1 Supplementary Figures 
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Suppl. Fig. S1: Gating strategy for T-cell evaluation by flow cytometry. 

After flow cytometric measurements of PBMC, the following gating strategy was 
applied to distinguish CD4+ and CD8+ T-cells from residual cells: (A) The population 
of total lymphocytes was defined by its position according to forward scatter (FSC) 
and side scatter (SSC) parameters. Besides, FSC and SSC were used to exclude 
measured cell debris from the analysis. (B) Area-width discrimination of the SSC was 
applied to exclude cell doublets. (C) 4′,6-diamidino-2-phenylindole (DAPI) staining 
was used to allow differentiation between living and dead cells. (D) Subpopulations 
of CD4+ and CD8+ T-cells were each identified by surface marker staining. 
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Suppl. Fig. S2: Comparison of basal CIITA and HLA-DR gene expression 
levels of different cell types. 

Basal expression levels of class II transactivator (CIITA) and the DR isotype of human 
leukocyte antigen (HLA-DR) were determined in different cell types. Samples were 
subjected to RNA preparation, cDNA transcription and qRT-PCR analyses. Target 
gene expression levels were normalized to those of human glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) for each sample. (A) Comparison of basal 
CIITA and HLA-DR expression levels of untreated cells: 1x106 primary human MSC 
and PBMC were cultivated as described for Fig. 7A and B and harvested after 2 days. 
Values for PBMC are represented as fold-change of the corresponding values for 
MSC. (B) Comparison of basal CIITA levels of untreated cells: 1x106 MSC, PBMC 
and T47D cells were cultivated as described for Fig. 7C and harvested after 4 h. 
Values for PBMC and T47D cells are represented as fold-change of the value for 
MSC. (A, B) (n=1). Error bars represent SD of two technical replicates. Mean values 
are indicated (partly adapted from Killer et al., 2025; via CC-BY-4.0; 
https://creativecommons.org/licenses/by/4.0/). 
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Suppl. Fig. S3: Direct effects of VPA, DMSO and decitabine on CIITA and 
HLA-DR gene expression of primary MSC. 

First, 5x104 primary human MSC were seeded per 6-well and treated with 1 mM 
valproic acid (VPA), 3.5 µM decitabine or a corresponding amount of dimethyl 
sulfoxide (DMSO) as a solvent control for decitabine. Cells were harvested after 
15 days, and samples were subjected to RNA preparation, cDNA transcription and 
qRT-PCR analyses of class II transactivator (CIITA) and the DR isotype of human 
leukocyte antigen (HLA-DR). Target gene expression levels were normalized to those 
of human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for each sample 
and are represented as fold-change of those of untreated control cells (not shown). 
(n=2). Error bars represent SD of biological replicates, circle icons represent individual 
values. Mean values are indicated. 
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Suppl. Fig. S4: Activation of CIITA and HLA-DR gene expression in T47D cells 
using gRNAs targeting CIITA promoter IV without antibiotic 
selection. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in T47D cells. Three different guide RNAs (gRNAs) targeting promoter IV 
of CIITA were used separately as well as in combination (“#1-2-3”), and a non-
targeting gRNA was used as a negative control (not shown). Lentiviral transduction 
was done as described for Fig. 14B but without addition of antibiotics. Cells were 
harvested after 9 and 17 days, and samples were subjected to RNA preparation, 
cDNA transcription and qRT-PCR analyses. Target gene expression levels were 
normalized to those of human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
for each sample. Time courses of (A) CIITA and (B) HLA-DR expression. Values for 
each time point are represented as fold-change of the corresponding value of the 
control. (9 d) (n=2); (17 d) (n=1). Error bars represent SD of biological replicates. 
Mean values are indicated. 
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Suppl. Fig. S5: Activation of CIITA and HLA-DR gene expression in K5 iMSC 
using gRNAs targeting CIITA promoter IV without antibiotic 
selection. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in K5 iMSC. Three different guide RNAs (gRNAs) targeting promoter IV of 
CIITA were used separately as well as in combination (“#1-2-3”), and a non-targeting 
gRNA was used as a negative control (not shown). Lentiviral transduction was done 
as described for Fig. 14C but without addition of antibiotics. Cells were harvested after 
4, 7 and 9 days, and samples were subjected to RNA preparation, cDNA transcription 
and qRT-PCR analyses. Target gene expression levels were normalized to those of 
human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for each sample. Time 
courses of (A) CIITA and (B) HLA-DR expression. Values for each time point are 
represented as fold-change of the corresponding value of the control. (4 d) (n=1); 
(7, 9 d) (n=2). Error bars represent SD of biological replicates. Mean values are 
indicated. 
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Suppl. Fig. S6: Activation of CIITA and HLA-DR gene expression in primary 
MSC using gRNAs targeting CIITA promoter IV without 
antibiotic selection. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in primary human MSC. Three different guide RNAs (gRNAs) targeting 
promoter IV of CIITA were used separately as well as in combination (“#1-2-3”), and 
a non-targeting gRNA was used as a negative control (not shown). Lentiviral 
transduction was done as described for Fig. 14D and E but without addition of 
antibiotics. Cells were harvested after 6, 9, 15 and 17 days, and samples were 
subjected to RNA preparation, cDNA transcription and qRT-PCR analyses. Target 
gene expression levels were normalized to those of human glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) for each sample. Time courses of (A) CIITA 
and (B) HLA-DR expression. Values for each time point are represented as fold-
change of the corresponding value of the control. (6, 9 d) (n=2); (15, 17 d) (n=1). Error 
bars represent SD of biological replicates. Mean values are indicated. 
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Suppl. Fig. S7: Comparison of CIITA and HLA-DR gene expression levels in 
transduction control cells with and without antibiotic selection. 

The CRISPR/Cas9 SAM system was applied to activate target gene expression in 
different cell types. A non-targeting gRNA was used as a control. Lentiviral 
transduction of the SAM system and antibiotic selection was done as described for 
Fig. 14B - E. T47D cells were harvested after 17 days, K5 iMSC were harvested after 
7 and 9 days, and primary human MSC were harvested after 9, 15 and 17 days. 
Samples were subjected to RNA preparation, cDNA transcription and qRT-PCR 
analyses of (A) class II transactivator (CIITA) and (B) the DR isotype of human 
leukocyte antigen (HLA-DR). Target gene expression levels were normalized to those 
of human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for each sample 
and are represented as fold-change of those of the respective unselected control 
cells. Values for different time points were pooled for each cell type. Checkered bars 
represent cells after antibiotic selection, while plain bars represent cells without 
antibiotic selection (“w/o”). (T47D) (n=1); (K5 iMSC) (n=2); (MSC) (n=3). Error bars 
represent SD of biological replicates, circle icons represent individual values. Mean 
values are indicated. Statistical significance has been assessed for primary MSC 
samples using unpaired t-tests (ns p>0.05, * p≤0.05, ** p≤0.01, *** p≤0.001). 
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Suppl. Fig. S8: Activation of HLA-DR protein expression in immortalized and 
primary MSC using gRNAs targeting CIITA promoter IV without 
antibiotic selection. 

The CRISPR/Cas9 SAM system was applied to activate gene expression of class II 
transactivator (CIITA) and hence the DR isotype of human leukocyte antigen 
(HLA-DR) in immortalized K5 iMSC as well as primary human MSC. Three different 
guide RNAs (gRNAs) targeting promoter IV of CIITA were used separately as well as 
in combination (“#1-2-3”), and a non-targeting gRNA was used as a negative control 
(not shown). Lentiviral transduction of the SAM system was done as described for 
Fig. 14C - E but without addition of antibiotics. Cells were harvested after 9 days and 
subjected to a flow cytometric measurement of HLA-DR surface protein. Percentages 
of positive cells were determined in comparison to the respective control cells (n=1). 
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Fig. 3: 
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Fig. 5 – 9, 11 – 15, and Suppl. Fig. S2: 
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