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 Preface 

My thesis’s project was to develop an anti-viral CRISPR/Cas9 system to target the human 

Cytomegalovirus.  

In this manuscript, before presenting my results, I give an overview of different pathologies 

associated with the human Cytomegalovirus infection. Further, I present the molecular 

characteristics of the virus: particle structure, replication cycle and state of latency. I focus on the 

involvement of the major immediate early gene, coding for the most essential proteins of the virus 

replication cycle, because it was chosen as one of our target genes for the CRISPR/Cas9 system. 

Moreover, I introduce the different approaches to treat Cytomegalovirus infections by the 

standard therapy based on nucleotide analogues and new arising treatment strategies. Finally, I 

illustrate an inside view of the CRISPR/Cas9 technologies, their molecular mechanism, problems 

and improvements, and applications options.  

The main body of this thesis is separated in two hypotheses based on two different designs of the 

anti-viral CRISPR/Cas9 systems and their different target sites in the viral genome. Most of the 

past three years, I worked on the first hypothesis. Read out methods were established and stable 

cell lines were selected. A publication was written based on those results (currently in 

submission) and the manuscript is provided in the appendix in this thesis. In the third year, the 

second hypothesis was build up based on the progress in the field of anti-viral CRISPR/Cas9 

applications and on our results on the first hypothesis. Preliminary results regarding this second 

hypothesis are also presented.  

In this thesis, I show the proof of principle of our new designed anti-viral CRISPR/Cas9 systems 

to prevent the Cytomegalovirus replication. As these strategies were envisioned to be used to treat 

a cell suspension in the context of hematopoietic stem cell transplantation, I discuss at the end 

possible obstructions for clinical applications and their potential solutions. Finally, I propose new 

experiments, which would be needed to bring these anti-viral strategies to the preclinical testing 

and one day to clinical application. 

Throughout this thesis, I designed small Boxes (List of Boxes, p.3), which point out the most 
important information necessary to follow my project. 
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 General aim of this thesis 

The human Cytomegalovirus is a typical opportunistic infection in immunocompromised patients. 

Especially during transplantation the patient is weakened by the immunosuppressive treatments. 

HCMV can then either reactivate from the latent reservoir of a HCMV positive recipient or can be 

transferred from a HCMV positive donor organ. Consequences range from gastrointestinal disease 

to severe pneumonitis and are associated with a high mortality rate. Standard anti-CMV 

treatments by nucleotide analogues can reduce the viral replication in the recipient and alleviate 

the CMV associated diseases. However, they cannot prevent the reactivation from latency neither 

clear the infection, because nucleotide analogues only target the lytic replicating virus and have 

no effect on the latent virus pool. 

Therefore, this thesis aims to develop a new anti-HCMV approach, which targets the lytic 

and latent viral pool and prevents the reactivation of HCMV from latency. 

Genome editing tools have been tested against chronic and latent viral infections since the 

discovery of zinc finger nucleases (ZFN). The advantage of viral genome modification over 

standard chemotherapy to treat viral infections is that mutations in essential parts of the viral 

genome abrogate the viral replication permanently or silence the virus in latency. Therefore, only 

one efficient treatment period is theoretically necessary to prevent further reactivations or 

replication. However, the older genome editing tools (MN, ZFN and TALEN) have only a limited 

efficiency to prevent viral infections and require time-consuming protein engineering procedures 

for their development. The newly discovered CRISPR/Cas9 system revolutionised the genome 

editing field and enables fast, cost-efficient and feasible applications. Several other viral infections, 

like HIV and HBV, have been efficiently targeted by the CRISPR/Cas9 system showing a higher 

efficiency than TALEN.  

Consequently, we choose the CRISPR/Cas9 system as the optimal tool to target HCMV. In this 

thesis, we developed three anti-HCMV CRISPR/Cas9 systems based on two hypothesises.  In the 

hypothesis 1, I designed two anti-HCMV CRISPR/Cas9 approaches, which are targeting the 

essential major immediate early gene UL122/123 to prevent the lytic viral replication. The 

UL122/123 gene is the first viral gene expressed after infection of a cell and regulates the 

initiation of all further steps of the viral replication cycle. To prevent the UL122/123 expression 

the viral gene was either targeted by a single gRNA closed to the start codon to induce a frame-

shift mutation or with three gRNA to excise the UL122/123 gene. In the hypothesis 2, I designed 

a CRSIPR/Cas9 system to target the viral genome in latency considering the chromatin 

condensation. Two gRNA were selected targeting the virus in the latency associated gene LUNA 

essential for viral reactivation and in two homolog structural regions. The cleavage at those three 

target sites simultaneously might even destroy the viral genome and not just silence it in latency. 

We analysed the mutations introduced in the viral genome and the subsequent effect on the 

different stages of the viral replication cycle: MIE protein expression, genome replication, late 

protein expression and virion release. 

Even though, CRISPR/Cas9 delivery methods do not yet allow the delivery to all latently infected 

cells in vivo, the ex vivo treatment of HSC suspension is already applicable. Therefore, the first 

approach with our new anti-HCMV CRISPR/Cas9 system would be the treatment of the 

donor hematopoietic stem cells to prevent the reactivation of HCMV in the recipient. 
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Further applications will open up soon with the rapidly progressing research on optimized 

delivery methods. 
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 Introduction 

1 Human Cytomegalovirus 

 Epidemiology 

The human Cytomegalovirus (CMV) infection is one of the most common viral infections in the 

world. Although, the infection is usually asymptomatic in healthy adults, it can cause morbidity 

and mortality in neonates and immune-compromised patients (transplantation and AIDS). It has 

a seroprevalence of up to 100% in the human population with big variations between the high-

developed western countries and less developed regions. Western Europe has worldwide the 

lowest seroprevalence as for example in Germany with 27,4%1. In southern Europe as well as in 

the USA the seroprevalence is slightly higher and varies between 50% and 77%2–4. The highest 

occurrence of CMV is in Africa (77%5-97.2%6), south America (80%-90%7) and Asia (70%8-

99%9). This is also represented in the differences of the basic reproductive number (R0) in the 

different regions. While there is a worldwide R0 of 2.410, it ranges from 1.711/1.812 in the USA and 

Australia, to 5.6412/5.713 in Asia and Brazil, respectively.  

In general, the seroprevalence is rising with increasing age14. In developed countries for example 

USA, the increase is nearly linear with a force of infection (FOI, risk of infection per year) of around 

2%15. Interestingly, two main peaks can be observed by detailed analysis of different age groups. 

At early childhood (<5 years old) the force of infection is the highest (FOI = 8%) and decreases to 

less than 1% during adolescence. The second peak is during child bearing age (20-40 years, FOI = 

5%), which is correlated with risk factors for CMV infection like parity8,12,18 and day care 

attendance1,19 due to the high risk of CMV transmission by young children shedding CMV. 

In population with an overall very high seroprevalence, this effect is less important, because the 

seroconversion usually happens in early childhood3,5,6,16.  For example in China, 60.37% of the 

CMV infection occurs in the first years of life12. The seroprevalence increases till the age of 25 

(97.3%) and then stagnated from the age of 40. Also, the FOI for the population of 1-25 years old 

is very high of 12.6%.  

Moreover, CMV seroprevalence strongly depends on the ethnic background and place of birth. In 

Europe, it was shown that immigrants have an up to 30% higher infection rate1,14. Similarly, in the 

USA, the difference between the ethnic groups is also very high. By the age of 40, just 50% of the 

white Americans are CMV positive in comparison to 90% of the Afro-Americans and Hispanic 

Americans3, which can be also measured on the differences of the basic reproduction numbers. In 

average, the R0 in the USA is 1.7 but is significantly higher in the Black Americans and Hispanic 

Americans (R0 = 4.1 and 3.7)11. This is probably strongly influenced by differences in the socio-

economic status (SES) (high vs. low: R=1.6 vs. 2.711) and living habits21. The SES of a family is 

closely related with the living conditions, hygiene standards, health care/insurance and close 

contact with potential CMV positive persons. All those conditions lead to a higher risk of CMV 

infection1,16,18,19. Till today there is no genetic polymorphism known which is connected with a 

predisposition for CMV infections22. 
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 Transmission 

All the risk factors for HCMV infections mentioned above (chapter II-1.1) can be traced back in 

one or another way to the different routes of CMV transmission.  

A seropositive mother can infect the fetus, when she acquires a primary infection during 

pregnancy or experiences a reactivation. The transmission rate by a primary infection is much 

higher (30% up to 50%)23,24 than during reactivation or reinfection, because the maternal 

immunity protects the fetus from the virus (transmission rate 1.4%)23,25.Since the primary 

infection is much more dangerous, several studies tested an education program for pregnant 

women to learn about contamination sources and special hygiene practices in contact with young 

children26,27. Indeed, young children are the most probable source of infection by shedding the 

virus through saliva and urine in the first years of life28. These education programs have shown a 

significant decrease of primary infections and are right now the only way to protect the mother 

from the infection, because there is no vaccine available26,27.  

Beside the intrauterine transmission, the infant can acquire HCMV at birth, due to HCMV in the 

genital/urinal tract and cervix (26-57%)24 or during the first weeks of life by breastfeeding 

(63%)24,29. 74.1% of the women have CMV in their breast milk and 13.8% of them transfer the 

virus to their babies30.  

During Childhood, the most common infection route is close contact with other infected 

individuals. The highest risk factor is a seropositive sibling, but also day care attendance can give 

rise to the HCMV infection14,31. 

In adolescence and adulthood, CMV is also transmitted by sexual contact. The virus has been 

detected in the semen and vaginal secretions32. Various studies have described an impact of the 

number of sexual partners and the age of the first sexual intercourse on the seroprevalence14,31. 

Furthermore, the sexual transmission of CMV has been also shown in animal models33. 

Lastly, CMV infection by transfusion of blood or blood products is especially of concern for high-

risk groups like low-weight-born babies, pregnant woman and transplant patients. Earlier those 

high-risk groups were provided with blood products from CMV negative donors. Nowadays, the 

common procedure is the usage of leukocyte reduced blood products7,34, but there is so far no 

international recommendation for blood transfusion products or procedures with regards to the 

CMV status of the donor and the type of recipient. Several hospitals use dual safe products (CMV- 

and leucocyte depleted) for neonates and pregnant woman and single safe products for transplant 

patients. 

 Polymorphism, genotypes and viral strains 

In the human population, HCMV appears not as a limited number of defined viral genotypes as 

known for other viral infection like HBV (8 genotypes), but more as a high variability of viral 

strains. Polymorphisms or defined genotypes have been described in around 32 genes of HCMV35. 

None of this gene variations are linked to each other so that wide range of viral strains are 

possible36. Moreover, there is a general worldwide distribution of all genotypes/viral strains and 

no geographical areas for the occurrence of specific viral strains is documented35. Investigations 

of viral strains or specific genotypes and their relevance for transmission and clinical outcome of 

CMV infection or reactivation are very controversial and did not yet show a clear high virulent 

viral strain35,36. In the main focus of those studies are the surface glycoproteins, important for viral 
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entry, and viral proteins regulating cellular immune responses37–41. In addition to that, most of 

this studies describe the occurrences of infection with more than one HCMV strain35,40,42. Numbers 

of this mixed infection vary strongly (15-90%) depending on the studied population and the 

sensitivity of the read-out method35. Still, most of these studies do not detect a more severe 

outcome due to mixed infections. Although, in solid organ transplantations, the infection with 

different viral strains lead to a more severe pathology, but this is more correlated with the lack of 

neutralizing antibodies against the donor viral strain than to a high virulent viral genotype38,43. 

 Pathology 

The primary infection of HCMV is usually asymptomatic in healthy individuals. Rarely, it can cause 

a mononucleosis syndrome with fever, myalgia, adenopathy and hepatomegaly44. HCMV causes 

more severe diseases in immunodeficient individuals like neonates, AIDS patients and transplant 

patients. This will be further discussed in the chapters below. 

 Congenital infection 

Congenital HCMV infection (cCMV) is one of the most common intrauterine transmitted diseases 

with partially fatal outcome. In average, around 0.65% (0.1-13.6%45) of all live births worldwide 

have a congenital CMV infection46,47 with differences between developed and developing 

countries as explained by the epidemiology mentioned above. Whereas, the prevalence in the 

western world is relatively low (0.3-0.7%), it is much higher (1-2% [outliner:6.1% and 13.6%]) 

in developing countries23,46,47. Most of the congenital infection are observed in seropositive 

women (non-primary infection). Indeed, even in the low seroprevalence countries such as in the 

USA, only 25-29% of the cCMV cases are caused by the primary infection, because the FOI is 

relatively low (see chapter II-1.1)14,15. In high seroprevalence regions, the FOI for women in the 

childbearing age is much higher. Similar observations can be made between different ethnic 

groups. In the USA, around half of white women are seronegative and have only a risk of primary 

infection of 1.38% per pregnancy, while black and Hispanic women have a seroprevalence of 

already 83%, but the CMV negative woman are exposed to a higher risk of primary infection of 

3.4-3.85% at child bearing age 20-49 years11 as compared to the white woman. This difference is 

even stronger for adolescence females (12-19 years) with a risk up to 7.33% for black Americans 

(seroprevalence 58%) and a risk of only 0.15% for white Americans (seroprevlaence 39%). 

Finally, the same number of women in both groups will experience a primary infection during 

pregnancy. The influence of reinfection vs reactivation is not in details assessed so far, because 

most of the diagnostics do not distinguish between reactivation and reinfection. Probably, the 

reinfection is an important factor especially in high seroprevalence regions13, because the 

maternal immunity cannot protect the foetus from the reinfection with a different viral strain.  

The outcome of the congenital infection can be very dreadful and in the worst case it can lead to a 

stillborn child or abortion (1.1%)48. Usually, 85-90% of the children are born asymptomatic, but 

are prone to develop sequelae49,50 such as sensorineural hearing loss (SNHL, 10%), microcephaly 

(5%) and chorioretinitis (2%)51. Children, which are symptomatic at birth, face a more severe 

outcome47. Their survival is lower (5% mortality) and the long-term effects are worse51.  The 

clinical manifestations at birth can be clustered in four categories: cerebral abnormalities, non-

cerebral abnormalities, hepatobiliary abnormalities and other physiological defects. Nearly all 

infants have cerebral abnormalities52,53. Further physiological signs are low birth weight54, 

prematurity (34%) and petechia (79%). 
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Most of the symptoms are direct consequences of the viral replication in the fetus and placenta. 

Several non-structural viral proteins inhibit apoptosis, organogenesis, fetal development and 

growth46,55. For example, IE2 and US28 induce smooth muscle cell migration, which is leading to 

uncontrolled inflammation and proliferation, which narrows the blood vessels46. This causes 

vascular injuries and consequently hypoxia and brain damage. Other viral proteins decrease the 

protection against the maternal immune system56. Furthermore, HCMV-infected neuronal cells 

have an increased cellular trans-activator Peroxisome Proliferator-activated receptor γ (PPARγ) 

expression, which inhibits directly neuronal development, as in the brain of a congenital infected 

foetus57 

Beside these  severe symptoms at birth, 30-90% of the symptomatic congenital infected children 

will also later on develop sequelae54,58, which are usually more severe than in asymptomatic 

children. The majority suffers from mental retardation sometimes associated with strong seizures 

and the inability to speak or walk59. Also very common is SNHL, ocular damage, microcephaly and 

motor defects51,60. In the development of SNHL, HCMV replicates in specific areas in the inner ear, 

like the stria vascularis and the reissner membrane, which collapses following the infection61,62. 

The spiral ganglions are also infected and destroyed63. The viral replication induces inflammation, 

which leads to tissue damage and cell loss 63. It also causes an imbalance of the ions potential in 

the ear, which is important for the signal transduction. The cochlear transplant can improve the 

languages and speech perception again, but most of the children will still have a lower languages 

score due to the further CNS impairment as descript above64. 

However, not only the active viral replication in the inner ear can lead to the SNHL. The infection 

of the fetus early in development induces chromosome breakage at two specific loci, 1q42 and 

1q21, which are both related to hearing loss and ocular damage65.  

In conclusion, a congenital HCMV infection is a severe issue for newborns especially when they 

are born with symptoms. Risk factors for symptomatic congenital HCMV46 are high viral load in 

the amniotic fluid51, gestation age at time of infection (first trimester)51,64, primary maternal 

infection51, the maternal immune status, HCMV induce placenta damage and the type of HCMV 

strain24. Till today there is no vaccine available and the standard anti-HCMV treatment 

(Ganciclovir) cannot be given to pregnant women due to its teratogenic adverse effects 

(Cymevene®, Roche, data sheet). 

 CMV in HIV patients 

CMV is one of the most common opportunistic infection in human immunodeficiency virus (HIV) 

patients. Nearly all HIV patients are CMV positive due to similar transmission routes66,67.  CMV 

usually reactivates in later stages of the acquired immune deficiency syndrome (AIDS)68 and 

increases HIV viral loads. Indeed, the immunosuppression favors CMV replication and both 

viruses can transactivate each other66. The CMV reactivation further increases the immune 

suppression and is a risk factor for AIDS progression and death66,69. Furthermore, there is a broad 

range of CMV diseases (CMVD) in HIV patients. The most common ones are CMV retinitis (85% of 

the CMVD) followed by gastrointestinal disease (18% of CMVD), neurological diseases (1% of the 

CMVD), pneumonitis and adrenalitis67,70–72. CMV retinitis is a painless progressive pathology 

leading to vision impairment, but it is not fatal. However, it is correlated with HIV encephalitis72 

and increased mortality73. Most severe are the neurological CMV diseases, like necrotizing 

ventriculoencephalitis with strong neurological symptoms like seizures, confusion, dementia and 

an average survival of 42 days.  
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Since the introduction of the highly active anti-retroviral therapy (HAART) for HIV in the mid-

1990s, the occurrence of CMV disease strongly declined by 80-90% in the western countries67,74,75. 

In developing countries, this effect is not observed76,77. This is probably due to the diagnosis of 

AIDS at later stages and less control on the development of HCMV resistances to the treatment. 

Moreover, due to the high cost of the HAART therapy less patients are treated efficiently to 

prevent AIDS progression. Usually, HAART leads to the immune recovery in around 50% of HIV 

patients73 including CMV specific immunity. CMV retinitis heals spontaneous without specific CMV 

treatment78,79. The occurrence of other CMV diseases under HAART treatment is now very low75. 

Relapse of CMV is just observe by a failure of immune recovery or resistances against HAART73. 

 CMV in intensive care unit patients 

CMV infections are getting more and more attention in non-immunocompromised critically ill 

patients in intensive care units (ICU). Around 15-33% of the ICU patients have a CMV 

reactivation80,81. Even though, it was firstly described more than 20 years ago82, it is still 

controversially discussed if CMV is a pathogen causing disease or only a bystander as a result of 

the underlying disease83. The main consensus is that the CMV reactivation is correlated with a 

prolonged hospitalization and ICU stay80,84, as well as prolonged mechanical ventilation of the 

patients80,84. Several studies also observed an increased overall mortality84,85 in CMV reactivated 

patients and a higher sequential organ failure assessment score83,86.  

The main site of reactivation is the lung, which leads to increased lung fibrosis87,88 and 

pneumonitis89 often associated with respiration failure and mechanical ventilation80,83. Further 

CMV-induced diseases in ICU patients are hepatitis and colitis83,90. Moreover, it increases the risk 

of a bacterial or fungal superinfection80,82,83, which are often the cause of mortality in ICU patients. 

Up to now, the mechanism of reactivation in ICU patients is not completely understood. Due to 

their critical illness, ICU patients  have an altered immune response with impaired T- and NK-cell 

function82,83. This favors the HCMV reactivation83. In addition, there are several factors like 

mechanical ventilation91, previous lung injury88, blood transfusion86,91, enteral feeding80 and 

previous corticosteroid treatment80,83, which increase the risk of reactivation. Moreover, bacterial 

superinfection and sepsis, which are common in ICU patients, are also connected with CMV 

reactivation 81,88.  

The standard treatment of CMV is Ganciclovir (GCV), but there are no clinical trials based on the 

effect of GCV treatment on ICU patients. In a mouse model it was shown that only prophylactic 

treatments have a beneficial effect but not preemptive treatments after CMV diagnosis88,92. The 

benefice-risk balance cannot yet be estimated, but the side effects of GCV might be problematic in 

this patients group. Up to now, there is no recommendation for the treatment of HCMV 

infection/reactivation in ICU patients. 

 CMV in glioblastoma 

In 2002, Cobbs et al. discovered that nearly 100% of glioblastomas, a very common and fatal brain 

tumor, are positive for the CMV antigens IE and pp65 as well as for the viral genomes93. In the 

following years, the presence of CMV in glioblastomas has been controversial94,95, whereas more 

recent publications agree with Cobbs first findings96–98. CMV antigens and replication are mainly 

detected in grade IV glioblastomas96 and can be also associated with a viremia98. CMV is only 

detected in the tumor itself, mainly in tumor/glioma stem cells (GCS)99,100 and 

macrophages/microglia101, but not in the healthy surrounding tissue93,96.  
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Whereas the presence of CMV seems to be confirmed, the consequence of a CMV infection in this 

situation is still unclear. CMV is usually a non-oncogenic virus, so it is unlikely to cause the 

transformation of healthy tissue into tumor cells. Especially, since there is no correlation between 

the seroprevalence of CMV and the occurrence of glioblastoma102.  It is more likely, that CMV has 

oncomodulatory functions and influences tumor progression and metastasis. Several viral gene 

products (like immediate early (IE) proteins, viral IL-10, glycoprotein B (gB) and the constitutive 

active G-protein coupled receptor US28) have been shown to influence different hallmarks of 

tumorigenesis99,103–105. They can induce the stem-like phenotype of tumor cells100,105, influence 

tumor-suppressor genes103,106, mitogenesis and invasiveness of tumor cells107, and favor the 

immunosuppressive microenviroment101. 

Consequently, anti-CMV treatment could be beneficial for the survival of the patient and decrease 

the tumor progression. Indeed, the usage of GCV for glioblastoma patients increases the 2-year 

survival rate from 18% to 62-90% depending on the duration of the treatment with an overall 

survival prolongation of 33 months108. More recently, there are several clinical trials ongoing 

examining the possibility and efficiency of cell-therapies109. Adoptive T-cell therapies based on 

CAR-T-cells or  CMV specific T-cells are currently evaluated and show an overall survival of 403 

days97,110. Another option is the use of CMV antigen loaded autologous dendritic cells (DC) to 

induce a potent immune response against the CMV positive glioblastoma. This DC based therapy 

prolongs the overall survival to 40 months105. 

 CMV in transplantation 

Over 50 years ago, it has been observed for the first time that CMV reactivates in transplant 

patients, which leads to severe organ invasive diseases and non-transplant related mortality111. 

Therefore, CMV was described later as the « Troll of transplantation, who takes its toll » by 

Balfour112. He compared the old fairytale of “the three Billy goats Gruff" i.e. as the patients cross 

the bridge of transplantation; where the troll (HCMV) would take one out of three patients as toll 

while leaving the other crossing the bridge. This nickname of CMV catches on till today, not least 

because it did not lose its importance.  

Approximately 50% of the transplant patients experience at least one CMV reactivation or 

primary infection in the first year after the transplantation44. HCMV has different features in solid 

organ transplantation (SOT) and hematopoietic stem cell transplantation (HSCT), which will be 

discussed separately. Since HSCT is more important for this thesis, I decided to focus more on this 

second part. 

1.4.5.1 Solid organ transplantation (SOT) 

Briefly, the majority of SOT patients with CMV infection develops the so called CMV syndrome113, 

characterized by at least two of the following symptoms: fever, malaise, 5% atypical lymphocytes, 

thrombocytopenia and elevated hepatic transaminase level114. Furthermore, 10-50% of those 

patients suffer from an organ-invasive CMV disease (end organ disease) in the early phase after 

transplantation (< 1 year)113,115. Around 20% of the patients show a late CMV disease such as 

gastrointestinal diseases (55%) and pneumonia (14%)115,116. Less common end organ diseases 

include hepatitis, chorioretinitis, nephritis, cysteitis, myocarditis and pancreatitis44. Beside those 

direct effects, HCMV induces some indirect effects like increased risk of graft rejection and 

ateriostenosis44,116. In addition, CMV infected SOT patients are more susceptible to bacterial and 

fungal superinfections117. All those factors lead to a higher mortality118.  
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It is not exactly known what triggers CMV reactivation and its progression to the CMV disease, but 

the immunosuppressive treatment has a big impact on this. The balance of immunosuppressive 

drug to prevent graft rejection and preserve enough immune response to fight CMV is very 

difficult. The common immunosuppression with cyclosporine A or mycophenolate is correlated 

with a higher risk of CMV reactivation119. mTOR inhibitors, the new type of immunosuppression, 

can be more beneficial to optimize the balance120. They have direct anti-HCMV effects, which 

reduce viral replication, but also guide the T-cell response away from anti-graft rejection to anti-

HCMV response119. Furthermore, several other risk factors are observed: previous graft 

rejection121, diabetes mellitus122, age122 and HHV6 co-infection123. Moreover, heart 

transplantations122 are connected with a higher risk of CMV disease. The most important factor is 

the serostatus of the recipient and donor. For example, CMV negative recipients are more prone 

to acquire a CMV infection from the donor organ than a CMV positive recipient121. Even in a 

seropositive recipient, it is much more probable (86%) that the donor organ causes the CMV 

infection than the virus reactivating from the recipient124. CMV positive recipients who receive a 

CMV negative donor organ have the lowest risk.  

1.4.5.2 Hematopoietic stem cell transplantation (HSCT) 

In HSCT, the hematopoietic stem cells of the recipient will be replaced by the donor stem cells (or 

by their own stem cells = autologous). Therefore, the immune system of the recipient gets 

depleted and reconstituted by the donor cells.  During the reconstitution, those patients are 

unprotected against pathogens and have an impaired immunological memory. The recipients are 

under special risk for viral reactivation (CMV, EBV, HSV and more) till the immune reconstitution 

by the donor stem cells is complete. This can take up to two years post transplantation125.  

In general, one third up to one half of the HSCT recipients experience CMV infection at some point 

after transplantation126,127. With the discovery of anti-CMV drugs in the 1980ies128,129, the 

incidence of CMV disease of around 20-30% was halved130. Earlier, the highest occurrence of CMV 

reactivation and disease was in the early-onset after transplantation (<100 days) due to the lack 

of immune cells. The treatment with Ganciclovir and Foscarnet reduced the early CMV diseases to 

less than 5%, while there is an increase of late-onset CMV diseases (>100 days post 

transplantation) to around 15%125 (Figure 1). The different treatment strategies are explained in 

more details in Chapter II-1.6.1 “Approved anti-viral chemotherapy”.  

  

Figure 1: Development of early versus late CMV disease in seropositive hematopoietic stem cell transplant 
recipients. The antiviral therapy with Gancicolvir or Foscarnet started at 1986 and this diagram represents the 
effect on all HSCT recipients regardless of antiviral treatment. The start of the administration of the GCV and 
Foscarnet strongly decreases the occurrence of early-onset CMV disease, but leads to a slight increase in late-
onset CMV disease. Figure from: Boeckh et al. 2003, Biol Blood Marrow Transplant. 
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Even with the treatment today, there is still a 5% risk to develop CMV disease. The early-onset of 

CMV diseases are mainly gastrointestinal diseases, which are usually not fatal131,132. 

Gastrointestinal diseases are also dominant in the late-onset. However, almost 17% of the 

recipients develop the more severe CMV pneumonia44,133, which is related to a high mortality of 

60-85% even under anti-viral therapy134,135. Less common CMV diseases are retinitis (0,2%)136 

and encephalitis137. 

The development from CMV reactivation to disease is associated with some risk factors. Most 

important is the viral load126,138, which is therefore used as a main factor to start anti-viral therapy. 

Several other graft-related factors can increase the risk of CMV disease like allogeneic, related 

(haploidentical) or unrelated HLA-mismatch grafts127,139 as well as graft versus host disease 

(GVHD)127,131. If the source of the transplant cells (cord blood, peripheral G-CSF mobilized blood 

or bonw marrow) has an influence on the occurrence of CMV disease is controversial140. Even 

though some groups described a higher incidence of CMV disease with stem cells from cord 

blood141,142, which could be related to an delayed CD8+ T-cell reconstitution from cord blood in 

comparison to other sources143. In general, the reconstitution of the immune system is strongly 

correlated with the control of CMV reactivation. Patients with lymphopenia are more likely to 

develop a symptomatic CMV infection127,144. This is due to the lack of CMV-specific T cells, which 

are essential to control the CMV reactivation145. CMV-specific T cells are present in the recipients 

in average of 5.5 weeks after transplantation. However, it takes up to two years to reach a level of 

a normal healthy person146. Patients with a delay of the start of T-cell reconstitution are more 

prone to develop a CMV disease145,146. It has been observed that the treatment with GCV and 

Foscarnet leads to a delay immune reconstitution125,147. To overcome the lack of T cells in the first 

weeks after transplantation, a non-myeloablative regimen can be applied before transplantation, 

where the recipient T cells are not depleted and are present till 80 days post transplantation. 

Those T cells provide protection for that early time frame after transplantation until the donor 

stem cell reconstitute the T cells in the recipient125,148. 

The serostatus of the recipient and the donor organ also influence the probability of CMV 

infection/reactivation and the development of a CMV disease133,149,150 (Figure 2). Recipients, who 

are already CMV seropositive at the time of transplantation, are more likely to reactivate CMV and 

also have a higher risk of CMV disease. Only 19% of the stem cells from a CMV positive donor will 

transmit the virus to the recipient to induce a primary CMV infection151. Moreover, those patients 

infected by the donor cells are less prone to develop a CMV disease149,152. Beside this, there is an 

overall risk of 3% to acquire a transfusion-transmitted CMV infection by the blood products used 

during the transplantation procedure153.  
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Figure 2: Overview of the relation of the HCMV serostatus and reactivation. In HSCT, the serostatus is one of the 
major risk factors of HCMV reactivation. Seropositive recipients are at the highest risk that their own virus 
reactivates, because of the depletion of a protective immune system. The transmission of HCMV from the donor 
cells to the recipient is also possible but less likely. Finally, even in a complete naive donor and recipient setting 
there is still the risk to acquire HCMV by blood transfusion. CMV infection: viremia without symptoms 
(reactivation or primary infection), CMV disease: viremia with symptoms. 

 

Finally, the CMV disease is not the only problem induced by the CMV reactivation. CMV replication 

is correlated with graft failure126 and makes the patients more susceptible to bacterial and fungal 

superinfection154,155. In conclusion, CMV reactivation/infection increases the non-relapse 

mortality by causing CMV pneumonia and enables bacterial and fungal infections151,155. On the 

other hand, it has to be mentioned that CMV reactivation can also have a positive effect: the so 

called virus-versus-leukemia effect, whereas CMV decreases the relapse of the underlying 

disease155,156. 

 

 

 

Box 1: HCMV in HSCT 

Risk factors: Outcome: 

 HCMV seropositive recipient  
 HLA-mismatch of donor and recipient 
 Myeloablative regimen / T-cell depletion 
 Immunosuppressive treatment 

 Pneumonia with a high probability of 
mortality 

 Gastrointestinal disease 
 Graft failure 
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 Molecular Characteristics of HCMV1 

 The viral particle 

The human Cytomegalovirus is a typical Herpesvirus. It belongs to the subfamily of β-

herpesvirinae and the genus of Cytomegalovirus. HCMV is also known as the Human Herpesvirus 

5. 

The viral particle has a size of around 150-200 nm with the typical structure of all herpesviruses: 

core, capsid, tegument and envelope.  

The core contains the viral genome, which is around 230 kb of double-stranded DNA wrapped 

around a fibrillar protein. The viral genome consists of two unique regions, UL (long) and US 

(short), which are separated by terminal or internal repeats (TR or IR). Those repeats consist of 

a, b and c sequences. The b sequences are flanking the UL region, while the c sequences are 

flanking the US region. They are separated by several repeats of the a sequences, which are 

important for circularizing of the genome inside the cell and the cleavage of the viral genome for 

packing in the viral particle157. There are four isomers of the viral genome possible, which are 

based on rearrangements in the TR/IR regions with different orientation of the unique regions 

(Figure 3). All isomers are infectious158  

 

Figure 3: HCMV genome structures. A) Schema of the linear viral genome inside the viral particle consisting of 
the unique regions, UL and Us, separated by the terminal and internal repeats. Detailed representation of 
terminal and internal repeat structure and the four different isomers depending on the orientation of the UL 
and Us region. B) Schema of the episome as it is present inside the cells. It is circularized at the terminal region. 
UL: unique long region; US: unique short region; TR: terminal repeat; IR: internal repeat 

The core is coated by the capsid. It is made out of five viral proteins. The capsid shell is icosahedral. 

The major capsid protein (UL86)159 assembles into hexons (150) and pentons (12) giving this 

structure. It is hold together by a triplex structures consisting of the minor capsid protein (UL85) 

and the minor capsid binding protein (UL46)160. Finally, the smallest capsid protein (UL48-49)161 

binds the hexons. A protease (UL80a), located in the inside of the capsid, is important for the 

maturation of the capsid. 

The capsid is surrounded by a layer of viral and cellular proteins, so called tegument. It is the 

biggest part of the viral particle containing around 60 viral and 70 cellular proteins162. Some of 

those proteins are essential for viral entry, gene expression, immune evasion, assembly and 

                                                             
1 If not noted otherwise, the books: Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis540 and 

Molekulare Viologie541, are used as source.  
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egress162. To name some of the most essential tegument proteins: pp71 is essential to induce the 

immediate early gene expression; pp65, the most abundant tegument protein, prevents the 

presentation of the immediate early proteins through major histocompatibility complex I (MHC-

I) and pUL32 is essential for the tegument formation and the capsid transport to the nucleus in 

the infected cell. The cellular proteins are mainly parts of the cytoskeleton, translational control, 

vesicle trafficking and signal transduction163. 

Finally, the capsid is enveloped by a membrane, which contains up to 9 glycoproteins. The three 

main complexes are gC-I, gC-II and gC-III164. gC-I, a heterodimer of gB, and gC-II, a heterodimer of 

gM/gN165 are responsible for the binding on the cellular receptor to mediate viral entry166,167. The 

third glycoprotein complex is a heterotrimer consisting of gH/gL/gO, which induces the fusion of 

viral and host membrane168,169. Alternatively, gH/gL can built a complex with UL128-131, which 

then alters the receptor specificity and cell tropism (more detailed II-1.5.2). 

During the replication of HCMV in cell culture, the infected cell releases two other types of 

particles: dense bodies and non-infectious enveloped particles (NIEP), which early assumed to 

decoy the immune system to protect the virions170, but today researchers estimate is rather as an 

artifact of HCMV amplification in cell culture. Dense bodies are enveloped particles with some 

viral glycoproteins on the surface and contain some tegument proteins, dominantly pp65. They 

do not have a capsid or viral DNA. However, NIEPs have a normal envelope and tegument. They 

also contain a premature viral capsid, which still contains the scaffold protein (UL80.5) instead of 

the viral genome. Both particles are not infectious. 

 Replication cycle 

The human Cytomegalovirus has a broad cell tropism for the usually highly specific herpesvirus 

family. It can infect fibroblasts, endothelial and epithelial cells, monocytes and macrophages, 

dendritic cells, hematopoietic progenitor cells, smooth muscle cells, stroma cells, neuronal cells, 

neutrophils and hepatocytes. The cell tropism is defined by the host cell surface receptors and 

some intracellular factors, but also by the viral glycoprotein complexes. For example, the ratio of 

gH/gL/gO trimer to the gH/gL/UL128-131 complex defines, if the virus can infect fibroblast or 

epithelial and endothelial cells171. 

In most of this cell types the virus enters the cell and initiate the lytic replication cycle, which can 

be divided in several steps: entry, immediate early phase, delay early phase, genome replication, 

late phase, assembly and egress (Figure 4).  The first attachment to the cell is mediated by the 

interaction of gB to the common surface protein heparansulfate proteoglycans166,167,172. It is 

hypothesized that this is followed by the interaction with a cell type specific receptor. For 

example, DC-SIGN serves as the attachment receptor for the infection of dendritic cells by binding 

gB173. Another possible receptor is the platelet-derived growth factor-α, which is commonly 

expressed on fibroblast and epithelial cells, but also highly upregulated in glioblastoma cells103,174. 

PDGFR-α binding by gB and subsequent activation of the phosphoinositide-3-kinase pathway 

(PI(3)K) is essential for viral entry and stimulated angiogenesis and mitogenesis in glioblastoma. 

The receptor binding induces the internalization of the viral particle and the release of the capsid 

in the cytoplasm. The process is cell type dependent and mainly mediated by the gH/gL 

complexes175. Furthermore, gB has a fusogenic function, too, if it undergoes S-palmitoylation 

during the virus assemble and egress176. The viral envelope can fuse with the plasma membrane 

of fibroblast177. To enter endothelial and epithelial cells, it is internalized by endocytosis which 
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requires a low pH to fuse with the endosomal membrane177. Dendritic cells pick up the viral 

particle by macropinocytosis and release the capsid in a pH independent way178.  

Once the capsid enters the cytoplasm, it gets transported via microtubules to the nucleus. When 

the viral genome arrives in the nucleus it circularizes and forms the episome.  This is followed by 

three stages of gene expression, the immediate early (IE), delay early (DE) and late phases179.  In 

the immediate early phase, the tegument proteins of the virus transactivate the first set of genes. 

Those immediate early antigens (IEA) are mainly strong transactivators, which induce the 

expression of delay early antigens (DEA). They also push the host cell in the S-phase of the cell 

cycle to favor viral replication.  

The DE phase starts around 8 h post infection (pi) and requires the IEA expression. The main DEA 

are viral proteins necessary to build the genome replication complex. It consists of the viral DNA-

Polymerase UL54, the processivity factor UL44, the helicase-primase-complex UL105/UL70, DNA 

binding protein UL57 and the oriLyt (origin of replication, lytic) binding protein UL84. The viral 

polymerase is similar to the human polymerase, it has a 5’-3’ elongation function and a 3’-5’ 

exonuclase function necessary for proof reading. The genome replication start at the oriLyt 180. The 

exact mechanism for the initiation of the genome replication is not known, but dependent on the 

interaction of UL84 with the major immediate early protein 2 (IE2)181. Once the replication 

complex is formed, the genome replication occurs by the rolling circle mechanism. This leads to 

the formation of a long concatemer, containing several copies of the viral genome in one long 

strand (Figure 4 IV).  

After the genome replication, the late phase of gene expression is initiated. It includes the 

production of structure proteins, which induces directly the assembly of new virions (Figure 4, 

VI). The capsid proteins are transported to the nucleus, whereas the major capsid proteins need 

to be associated with the scaffold protein to enter the nucleus. This association also induces the 

generation of the hexon and penton structures, which then build with the triplex the premature 

capsid. DNA packing is induced by the viral protein UL57 and UL89, which interact with the a 

sequence in the TR region. They guide the viral genome through the portal UL104 in the capsid 

and cleave the concatemer at the end of each copy of the viral genome182.  

The viral egress is a process of primary envelopment, de-envelopment and second 

envelopment182,183 (Figure 4,VII). The mature capsid leaves the nucleus by budding from the 

nuclear membrane. This premature virion fuses with the outer nuclear membrane and the mature 

capsid is released in the cytoplasm. There, it acquires the tegument. This structure is only partly 

defined. The capsid interacts directly with UL36 and there is a second layer of UL37. Further 

proteins are associated in an unknown way. Finally, the capsid/tegument buds in the trans-Golgi 

network by binding to the cytoplasmic tail of some viral glycoproteins. The mature infectious 

virion is released through the secretory pathway. 

Another characteristic of HCMV is the formation of syncytia. The expression of viral glycoproteins, 

on the cell surface can induce cell-cell fusion, mainly mediated by the gH/gL complex168, and 

transmit the mature capsid like that to the neighbor cells dependent on gB184. 
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Figure 4: Lytic replication cycle. I entry: The virus enters the host cell by binding to a receptor on the cell surface 
(e.g. heparanesulfate proteoglycans, integrin) and mediate the fusion of the cellular membrane with the viral 
envelop via the viral glycoprotein complex gH/gL. The capsid is released into the cytoplasm and transported to 
the nucleus. This enables the viral genome to enter the nucleus and circularize to the episome. II immediate 
early phase: The expression of immediate early proteins, which are strong transactivators regulating the 
further step of the viral replication cycle, is initiated by viral tegument proteins. III delay early phase: The 
expression of delay early proteins is induced by the major immediate early genes IE1 and IE2. IV genome 
replication: Those delay early proteins are viral kinases and polymerases forming the replication complex to 
perform viral genome replication by the rolling circle mechanism. V late phase: The expression of structure 
proteins (capsid, tegument, glycoproteins) is also regulated by the major immediate early proteins. VI 
assembly: The capsid proteins enter the nucleus and form of new viral capsids internalizing a copy of the viral 
genome. VII egress: The mature capsid is released into the cytoplasm by a process of budding and fusion with 
the nuclear membrane and endosomal compartment. In the cytoplasm the tegument proteins interact with the 
capsid and then induce a final budding in trans-Golgi network to be release through the secretory pathway. 

 Major Immediate Early proteins 

HCMV expresses several proteins in immediate early kinetics. Those genes are expressed without 

viral de novo protein synthesis necessary185. The two major immediate early proteins (MIE) are 

transcribed from a shared locus UL122/123 and are called IE1 (UL123) and IE2 (UL122).  Their 

expression is regulated by the major immediate early promoter (MIEP). It consists of a proximal 

and distal enhancer with several cis-acting elements186. This cis-acting element can be activated 

by several cellular factors like NFB, CREB/ATF and AP-1 and the viral proteins IE1 and pp71. In 

fact, the first induction of the MIEP is ensured by the tegument protein pp71. pp71 induces the 

degradation of DAXX, a cellular factor, which recruits histone deacetylases (HDAC), and prevents 

the repression by deacetylation of the MIEP187. Later on, IE1 activates the MIEP in a similar 

manner188,189. At later time points of the replication cycle, IE2 can inhibit the MIEP by binding the 

a crs-acting element right in front of the transcription start190,191. The activation of the MIEP is the 

key step to the lytic replication cycle and depends on cell type and cell differentiation state. 
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Many studies have shown that IE1/IE2 are the most important transactivators of the virus and 

are indispensable for the viral replication192–195 (Box 2). IE2 is the strongest transactivator. It 

binds on various cellular and viral promoters and induces their activation196. Its main function is 

the induction of the DEA expression. For example, the expression of the viral polymerase 

UL54197,198 as well as UL44199 and UL112200 depends on the expression of IE2 usually in 

combination with some cellular factors. Without IE2 expression the viral replication cycle is 

abortive and no new virions will be produced193,201. On the other hand, IE1 is only essential at 

infections with a low multiplicity of infection (MOI)202,203. It positively autoregulates its own 

promoter and ensures the expression of IE2194. Therefore, IE1 works as an amplification system 

for the essential IE2 expression. Additionally, IE1 can inhibit HDACs, which results in the 

acetylation and activation of different IE and DE promoters204. 

IE1 and IE2 not only regulate the viral replication itself, they also have various effects on the cell 

cycle. Both MIEs are known to inhibit apoptosis205 and to induce the progression to the S-phase of 

the cell cycle206,207. Moreover, IE1 and IE2 have a strong influence on the immune response of the 

cells208. IE1 blocks the induction of interferon-stimulated genes (ISG) by IFN-α. It complexes the 

mediators STAT1 and STAT2 and prevents the transactivation of ISGs209. Additionally, IE2 inhibits 

the expression of IFN-β, RANTES and other pro-inflammatory cytokines and chemokines210. On 

the other hand, IE1 induces the expression of interleukin 2 (IL-2)  and IL-6208. Both cytokines are 

known to be associated with graft rejection. IE1 can even counteract the immunosuppressive drug 

cyclosporine A, which leads to the induction of IL-2211. IL-2 is involved in the expansion and 

activation of T cells and can increase their anti-graft activity. 

The UL122/123 consists of 5 exons. IE1 and IE2 have the first 3 exons in common and are 

alternatively spliced to either exon 4 or exon 5, respectively212,213. The start codon is localized in 

exon 2. Beside those two major IE proteins, there are several splice variants expressed (Figure 5). 

They are generated by different splicing sites and have partly distinct function from their full-

length proteins. There are four main isomers of IE2 (IE55, IE60, IE40 and IE18214). IE55 is also 

expressed at immediate early time point during replications. It counteracts IE2 and activates the 

MIEP215. Moreover, at late time points during viral replication the isomers IE60 and IE40 are 

expressed. They lack the commonly used exons 1-3. Like IE2, they are also essential for the viral 

replication. IE60 interacts with UL84 and might influence the genome replication216 and IE40 is 

important for late antigen expression217,218. For IE1, there are two main isomers known. IE19 

counteracts its full-length protein and inhibits the MIEP219. Furthermore, there is a IE1x4 isomer, 

which is mainly expressed in latency and ensures the maintenance of the viral genomes220, which 

will be closer discussed in the next chapter (II-1.5.4 latency). 
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Figure 5: Gene and transcript structures of the major immediate early gene. 

In conclusion, the MIE proteins are the strongest modulators for the viral replication cycle and 

ensure the expression of DEA and LA. But they also regulate important processes in the host cells 

to favor viral replication and prevent a full anti-viral immune response. 

Box 2: Importance of the MIE for the viral replication 

A: The MIEs are involved in all major 

steps of the viral replication cycle. IE1 

ensures its own expression against 

cellular repression. IE2 induces viral 

promoters to induce the expression of 

delay early and late antigens and is 

directly part of the genome replication. 

Moreover, the MIEs inhibit the interferon 

response of the host cell and prevent the 

activation of the innate immune system. 

B: If the expression of the MIEs is 

disturbed in any way, it will lead to an 

abortive viral replication. Also, the 

interferon response is not blocked 

anymore and an efficient induction of 

the innate anti-viral immune reaction is 

possible. Infected cells can be eliminated. 
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 Latency 

After the primary infection, HCMV develops into latency to persist lifelong in the host. Latency 

describes a state, in which there is no active viral replication and no production of new infectious 

viral particles. Meanwhile, the viral genome is maintained inside the cells and only very few viral 

genes are transcribed. The major sites of latency are CD14+ blood monocytes221, granulocyte-

monocyte progenitors222 and CD34+ myeloid progenitors223. Among the CD34+ progenitors, the 

virus remains mainly in the highly primitive cells (CD38-, Lin-, Thy-1+)224. The latent infection 

changes their ability to differentiate in all linage subsets and especially decreases the 

differentiation in myeloid colonies224,225. In a healthy latently infected person, only 0.01 - 0.004% 

of the mononuclear blood cells or bone marrow cells contain the viral genome and each latently 

infected cell holds only 2-13 viral genome copies226.  

HCMV is silenced in latency, however it is still not completely understood, how the virus 

establishes latency and what are the consequences for the infected cells. The establishment of 

latency is a process regulated by viral and cellular factors, which act together to inhibit the lytic 

viral replication. The entry process in these non-permissive cells is comparable to highly 

permissive cells, which support the lytic viral replication. After the membrane fusion, the viral 

genome enters the nucleus and circularizes to the episome. The MIE genes are directly silenced, 

which is the crucial step to establish latency. This is initiated by the cellular defense mechanism 

of the promyelocytic leukemia protein nuclear bodies (PML-NB), which is mainly conducted by a 

nuclear protein DAXX227. DAXX recruits histone deacetylases (HDAC), as well as other PML-NB 

components like Sp100 and PML, and deacetylates the histones at the MIEP leading to the 

silencing of the MIE genes (Figure 6 A). Further repressive factors, like YY1 and ERF, also support 

the inhibition of the IE expression228. The cellular expression levels of those factors (DAXX, YY1 

and ERF) are very high in undifferentiated cells, but are also expressed in highly permissive 

cells229. The difference of highly permissive versus undifferentiated non-permissive cells is that 

the viral tegument protein pp71 enters in the nucleus of highly permissive cells, binds DAXX and 

induces its degradation. In undifferentiated cells, pp71 remains in the cytoplasm and cannot 

overcome the intrinsic defense mechanism230. Beside this major silencing event, there are a few 

further repressive mechanisms. For example, the host miRNA has-miR-200b inhibits the UL122 

and supports the latency231. The viral proteins derived from the UL138 gene are essential to 

establish latency. Its two isoforms inhibit the IE expression, even though the molecular 

mechanism is not known yet, since the UL138 proteins are localized in the Golgi apparatus232. 
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Figure 6: Schema of the molecular mechanism of the MIEP regulation in latency and reactivation. A) In latency, 
the viral tegument protein pp71 remains in the nucleus. Cellular factors like DAXX interact with HDAC and 
inhibit the MIEP and prevent lytic viral replication. The MIEP independent IE1 splice variant IE1x4 attaches the 
viral genome with the host genome and ensures the viral genome maintenance. B) Viral reactivation occurs in 
differentiated cells, where pp71 translocates in the nucleus and induces the degradation of DAXX. Furthermore, 
NFκB, which is triggered by pro-inflammatory cytokines such as TNFα, is necessary to transactivate the 
chromatin-open MIEP and thus initiate viral replication. HSC: hematopoietic stem cell, DC: dendritic cell 

After silencing the lytic replication cycle, the virus needs to develop a way to ensure its 

maintenance in the cell and enable a minor genome replication. There are only a few regions in 

the HCMV genome with open chromatin during latency. One of these regions is the terminal repeat 

(TR) region. It is a repetitive region in the genome separating the US and the UL region (see 1.5.1). 

The TR-region is essential for the genome maintenance and is suggested as the latent origin of 

replication (orilat)233. A few years ago, an IE1 isoform was found to be expressed in latency. It is 

lacking the first exons of the IE1 and only consists of exon 4 giving rise to the name IE1x4234. It is 

expressed independent of the MIEP. Its different protein domains interact with the cellular 

chromatin and the viral TR-region. Therefore, it is highly probable that IE1x4 tethers the HCMV 

genome to the human genome to ensure the viral genome maintenance in latently infected cells. 

Moreover, it also recruits the cellular Topoisomerase IIb (TOPOIIb), which is an important part of 

the cellular replication complex and could initiate the viral genome replication by the host enzyme 

complex. This would also be in line with the assumption that the TR-region could be the orilat. 

IE1x4 is one of the rare viral transcripts during latency. Further ones are UL144, US28, UL111.5A 

and several viral miRNAs, to only name a few235. Most of the CMV latency-associated transcripts 

(CLT) are part of the immune evasion of HCMV to ensure that latently infected cells are not cleared 

by the immune system. For example, US28 is a G-protein couple receptor, which binds and 

internalizes CC chemokines and cytokines to reduce the concentration of pro-inflammatory 
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cytokines236. UL144 induces the production of CCL22, which induces Th2-cell differentiation and 

attenuates therefore a proper B- and T-cell response against HCMV. UL111.5A encodes for a viral 

interleukin 10 (vIL-10). During lytic replication the full-length vIL-10 is expressed, while in 

latency only a truncated isoform is produced, the LAcmvIL-10237. Both isoforms display similar 

biological functions to the cellular IL-10. They downregulate the major histocompatibility 

complex II (MHC II) expression to prevent cytotoxic T-cell activation and create an 

immunosuppressive environment238,239. 

Beside the expression of CLT, there are also changes in the host gene expression during HCMV 

latency. One of the most important effects is the down regulation of the host miRNA has-miR-92a, 

which normally inhibits GATA2240. GATA2 is one of the major regulators in CD34+ progenitor cells. 

It regulates proliferation, lineage commitment and survival. Moreover, GATA2 induces the 

expression of cellular IL-10, which inhibits apoptosis through the increased expression of the anti-

apoptotic protein Bcl2 and works synergistically with the LAcmvIL-10/vIL-10 to inhibit cytotoxic 

T cells. But GATA2 is also a major regulator of the latent viral gene expression. It has been shown 

that GATA2 induces the expression of most of the CLT241,242. 

Most of the other changes in the host gene expression are related to host cell defense, immunity, 

cell growth, cell signaling and gene expression to favor the survival of latently infected cells243. 

Some examples are the up-regulation of POU2F2 and AML1b, which represses the IE expression 

and recruits HDAC, the up-regulation of MCP-1 and MIP1-β, which recruit leukocytes and facilitate 

the spread of HCMV to other permissive cells and the up-regulation of CD169, an adhesion 

molecule ensuring the persistence in the bone marrow or tissue and the contact to other 

permissive cells. 

The latent HCMV infection itself would not be of concern, since there is nearly no harm to the host. 

But the virus can reactivate frequently. In a healthy individual, the reactivation and local lytic 

replication will be rapidly cleared by the immune system without any damage to the host. Only if 

the immune system fails or the person is already immunocompromised, there is a progression to 

CMV disease. 

There are several hypotheses how HCMV reactivates from latency244. In general, HCMV reactivates 

in the process of cell differentiation from CD34+ progenitors or CD14+ monocytes to mature 

macrophages (MDM) and dendritic cells (mDC)245. This can happen quite frequently, but is 

normally quickly controlled by the immune system. In the setting of transplantation, the 

allogeneic stimulation and histoincompatibility can also reactivate the virus246. For this, cell-cell 

contact between alloreactive CD8+ T cells and the infected monocytes is required, as well as the 

activation of CD4+ T helper cells to produce IL-2, which co-stimulates the CD8+ T cells247,248. The 

pro-inflammatory cytokines released by the CD8+T cells and the direct contact lead then to the 

initiation of IE expression and lytic HCMV replication. The last possibility, which can promote 

reactivation, is an infection by another pathogen leading to a major inflammatory response or 

sepsis. It has been shown in the settings of transplantation that a bacterial superinfection is 

correlated with a higher risk of HCMV reactivation81. In this case, the resulting cytokine storm, 

including tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ), activates the MIEP. Although 

theses cytokines are normally known as part of the anti-viral response, they have no anti-HCMV 

effect. They promote the activation of NFκB, which binds the MIEP and induces the transcription 

of the major IE genes initiating the lytic replication cycle249 (Figure 6 B). Beside the external 

stimuli, some viral proteins are also essential to enable reactivation, like the latency unique 

natural antigen (LUNA)250. 
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In conclusion, HCMV is well adapted to humans. Under normal circumstances they can coexist 

without harming each other for decades. Synergistically, the host cells and the virus ensure 

latency, maintenance and survival of latently infected cells. Only the virus developed a mechanism 

to escape the host under highly immunogenic conditions to ensure its survival in the human 

population, while the human immune system is not able to clear the infection. 

 

 

 Antiviral therapy 

This chapter will give an overview of the different available treatment options against HCMV; 

reviewing the already approved pharmaceutical drugs as gold standard treatment, new developed 

drugs in clinical or preclinical studies, approaches of adoptive cell therapy and the advances of 

vaccine development. The advantages and disadvantages of the different treatment options are 

summarized in Box 4 at the end of the chapter. The focus will be mainly on the treatment of 

transplant patients as it is the major interest of the thesis. 

 Approved anti-viral chemotherapy 

Today, there are mainly three drugs available for the current standard treatment of transplant 

recipients: Ganciclovir (GCV), Foscarnet (phosphonoformate, PFA) and Cidofovir (CDV) 251,252. In 

some countries, Acyclovir (ACV) is also approved. In particular in France, only GCV and PFA are 

Box 3: Development from latency to reactivation 

 

HCMV infects a broad spectrum of cells but it can only establish latency in progenitor cells. 

This mechanism allows HCMV to persist live long in the host. To ensure its maintenance, HCMV 

favours the survival of the infected cell and decreases its differentiation potential. In this state, 

the MIEP is total silenced, which abrogates the lytic viral replication cycle. Several 

circumstances can activate the MIEP, like the natural process of cell differentiation but also 

external stimuli like inflammation and allogenic stimulation. Especially in transplantation, all 

three stimuli are present and favour reactivation, which can then lead to severe end organ 

diseases. 
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approved for HCMV treatment2. ACV is restricted as prophylaxis for transplant patients and CDV 

is since 2014 only available by an “Autorisation temporaires d’Utilisation” (ATU, temporary 

authorisation for use) under specific circumstances.  

GCV, ACV and CDV are nucleoside and nucleotide analogues, respectively, (Figure 7), which inhibit 

the viral genome replication. The viral DNA polymerase UL54 incorporates the nucleotide 

analogue during elongation in the new synthetized DNA strand and the acyclic nature of the drug 

prevents further attachment of nucleotides, which leads to the premature chain termination. 

Unlike CDV, which requires two phosphorylations by a host kinase, GCV and ACV are highly 

specific to infected cells, because their phosphorylation to the active triphosphate is initiated by 

the viral kinase UL97 and completed by a host kinase.  

 

Figure 7: Molecular structure of the anti-HCMV nucleoside/nucleotide analogues. Ganciclovir and Acyclovir are 
guanosine analogues and Cidofovir is a cytosine analogue. All anti-HCMV nucleoside/nucleotide analogues 
consist of the organic base, guanine or cytosine (yellow). However, the backbone of the nucleoside/nucleotide, 
the cyclic deoxyribose domain (green), is modified to an acyclic domain (red), which does not allow the 
elongation to other nucleotides. Ganciclovir and Acyclovir also exist with a valine ester modification (blue) to 
achieve a high bioavailability for oral administration. 

PFA is a pyrophosphate analogue, which does not require any activation. It is a non-competitive 

inhibitor of the viral DNA polymerase UL54 and targets the phosphate-binding site to prevent the 

cleavage of the triphosphate during elongation of the DNA strand. 

GCV and PFA have the same efficiency to prevent CMV disease and improve the survival in 

transplant patients253,254. They decrease the early-onset CMV disease to less than 5% after 

HCST130. Moreover, there is a 50% reduction of CMV pneumonia and mortality under this anti-

viral treatment255. Possible side effects of GCV are neutropenia, thrombocytopenia, tremor, 

                                                             
2 Agence national de sécurite´du medicament et des produits de santé, www.ansm.sante.fr 
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seizure and mental confusion253,256. PFA is associated with renal dysfunction, abnormal 

electrolyte, decreased haemoglobin, white blood cells and platelets as well as hallucinations and 

tremor254,257. CDV is also highly efficient but the side effects are much more severe, with strong 

renal and kidney toxicity and severe neutropenia251. For this reason, CDV was used as a second or 

third line treatment for a while, but is no longer available in clinic. ACV shows much less side 

effects130,251. It has been proven efficient to decrease CMV infection, but has less impact on CMV 

disease progression and survival.  

In transplantation, two treatments strategies are used in clinical practice : prophylaxis258 and pre-

emptive therapy255. Prophylaxis aims to prevent CMV infection/reactivation. All patients at risk 

are treated with the drug for the first 100 days post transplantation (in HSCT). This nearly 

abolishes the occurrence of early-onset CMV disease, but gives a slightly decreased risk of late-

onset disease of 5-17% 256,259. Due to the prolonged treatment period, side effects can be worse. 

The total prevention of CMV replication may also delay the reconstitution of CMV specific T cells, 

because T-cell priming is not possible without antigen presentation259. Moreover, during 

prolonged prophylactic treatment it is more likely to develop resistant viral strains260,261. In 

contrast to prophylaxis, pre-emptive therapy depends on the detection of CMV reactivation and 

prevents its progression to CMV disease. The difficulty for the pre-emptive therapy is the accurate 

detection of CMV reactivation. This includes strict surveillance (1-2 weekly) and sensitive CMV 

tests based on molecular assays134,262. The patients are treated for a minimum of 2-3 weeks or till 

the viral load decreases under the detection threshold. There is not significant difference in the 

overall efficiency of prophylaxis and pre-emptive therapy to prevent CMV disease and 

mortality256,263, but most centres apply the pre-emptive therapy264 as it reduces the risk of 

resistant viral strains and decreases possible side effects. In general, intravenous GCV (5 mg/kg) 

or its prodrug oral Valganciclovir (900mg) is the first choice for pre-emptive therapy263. It can 

also be used for prophylaxis, but its strong side effects usually leads to discontinued treatment254. 

ACV is less efficient than GCV, but also causes much less side effect and is therefore preferred in 

prophylaxis264.  

Drug resistance is a serious problem in the management of HCMV infection. Prolonged 

prophylactic treatment or inefficient clearance of viremia without decreasing the viral load can 

lead to the development of drug resistance130,265. Mutations in the UL97 or UL54 genes give rise to 

resistant viral strains. Usually, mutations in the UL97 gene are acquired first as a resistance 

against GCV266–268. A switch to the second line drug PFA can rescue the patient and enable the 

repopulation of the wild type virus261,269,270. A small proportion of resistant viruses remains in the 

patients and might expand rapidly, if the patients is again treated with GCV. However, mutations 

in the UL54 gene lead to resistant viruses against PFA with a possible cross resistance to GCV and 

make further treatment difficult267. 

Beside the nucleotide analogues, there is another type of drug approved to treat HCMV, but only 

for CMV retinitis in HIV patients271. The antisense oligonucleotide ISIS2922 (known as 

Fomivirsen) is complementary to the exon 5 of the UL122/123 gene and therefore targets the IE2 

expression195,272. The blockage of IE2 expression prevents the progression of the viral replication 

cycle and the release of infectious virions. This drug is only applied intravitreal and has never 

been tested for systemic CMV infection. Therefore, it is not suitable for the treatment of transplant 

patients. Even though Fomivirsen is a very effective treatment against HCMV retinitis in AIDS 

patients, it was withdrawn by Novartis in 2002 in Europe (and later on in the USA) due to rare 

requirements of the medicament. Indeed, since the introduction of HAART, the occurrence of CMV 

diseases and CMV retinitis in HIV patients has been reduced by 80-90%73,75. 
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In conclusion, the introduction of GCV and PFA as highly potent anti-HCMV drugs improved the 

survival rate of transplant recipients significantly. Still, severe side effects and the occurrence of 

drug resistant viral strains prevent the total control of HCMV. New anti-viral strategies are 

required to manage CMV infection and reactivation after transplantation. 

 Anti-HCMV drugs under development 

Several drugs are under development and are showing promising results in phase II and III clinical 

trials. The most promising new drug is Maribavir (1263W94)273. It is a benzimidazol nucleoside, 

which inhibits the viral kinase UL97 and therefore the viral genome replication (Figure 8). In a 

phase II clinical study, three oral doses (100 mg 2x/day, 400 mg 1x/day and 400 mg 2x/day) were 

tested against a placebo group as a prophylactic treatment of transplant patients274. All treatment 

groups had less CMV infections, with the high doses (400 mg 1-2x/day) being the most effective. 

Observed side effects were taste disturbance, nausea and vomiting, but no myelotoxicity or 

neutropenia (common problems with the GCV treatment). A follow up phase III clinical trial based 

on the lowest dose (100 mg 2x/day) failed to show a reduction of CMV infection and disease 

compared to the placebo group275. This clinical trial has been criticised due to a small study 

population and a low dose administration276. New phase III clinical trials are on-going: with an 

intermediate dose 200 mg 2x/days in HSCT as a pre-emptive treatment and in transplant patients 

with GCV/CDF/PFA resistant viral strains (NCT02931539, NCT02927067).  

Terminase inhibitors are another novel and very promising approach to control CMV infection. 

Letermovir (AIC246) is a UL89 terminase inhibitor and prevents the cleavage of the viral 

genome277. This blocks the maturation of the viral particles and prevents the genome packing into 

the viral capsid. A prophylactic treatment of transplant patients prevented the development of 

CMV infections dose-dependently with no side effects in a phase II clinical trial278. A phase III study 

of Letermovir against a placebo control in HSCT with two different doses (240mg/days and 480 

mg/day) has recently been closed, but results are not yet published (NCT20137772). Another 

terminase inhibitor is: BAY 38-4766279, a non-nucleotide inhibitor, targeting the terminase 

complex UL56/UL89. It showed promising results in an in vivo infection study in guinea pigs280. 

Clinical development of BAY 38-4766 was started, but no follow up clinical studies were done. The 

benzimidazol nucleoside BDCRB281 and its derivative GW275175X282 also inhibit the concatemer 

cleavage by the terminase complex. However, their anti-viral efficiencies were below maribavir, 

so that clinical studies were not started. 

Beside these drugs with new target mechanisms, there are also studies on a modified version of 

CDV. Brincidofovir (CMX001) is a lipid-conjugate of CDV with a much higher bioavailability, 

increased half-life and an improved safety profile276. A phase II clinical trial showed that the 

prophylaxis with 100 mg twice per week is efficient to reduced CMV infection in transplant 

patients283. Higher concentrations are needed, if the patient has already a low level CMV 

replication at the beginning of the treatment. Side effects are diarrhoea and nausea, which can be 

reduced by a dose-bodyweight adjustment to <3,5 mg/kg bodyweight. Recently, a phase III clinical 

trial was finished on CMV seropositive HSCT patients testing safety and efficiency, but results are 

not yet available (NCT01769170).  
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Maribavir (2013), Letermovir (2017) and Brincidofovir (2014) are already available by ATU in 

France3. With the start of the usage of Maribavir in clinic, first case reports descripted already the 

evolution of resistances by mutations in the UL97284,285. 

Further drugs are under development in pre-clinical studies. Some already established drugs for 

other diseases were shown to have anti-HCMV effects. Artesunate is already an approved 

treatment against malaria. Its side effects are very weak and it has a high selectivity index (toxic 

dose 50/effective dose 50) for HCMV, too286. In vitro tests could demonstrate an inhibition of viral 

replication at immediate early time points after infection by the downregulation of NFκB and Sp1, 

two important transactivators of the MIE genes287. It also causes cell cycle arrest in the late G1-

phase288. Since artesunate targets host proteins, no resistant viral strains were observed so far. 

Valpromide and Valnoctomide, drugs approved for the treatment of epilepsy, mental disease, 

seizures and mania, inhibit HCMV in vitro and in vivo289. They prevent the attachment of the virus 

to the cell and the viral entry. In a mouse model of infection and placenta transmission, it could 

even increase the survival of the foetus and reduced the viral load. Therefore, it could not only be 

a treatment option for transplant patients but maybe even prevent congenital infections. 

Furthermore, several high-throughput screens have identified potential anti-HCMV drugs. For 

example, Cohen et al. found concallatoxin, a cardiac glycoside, to inhibit HCMV IE transcription by 

the inhibition of methionine transport inside the cell144. Loregian and colleges detected 4 

molecules (degulin, nitazoxaid, thioguanosin, alexidine dihydrochlorid), which inhibit the 

transactivator function of IE2 and prevent the progression of the viral replication cycle290. Two 

different studies analysed a host kinase inhibitor libraries and discovered molecules which inhibit 

the expression of IE2 and pp28291,292. For example, R00504985, which inhibits the kinases CDK2 

(cyclin dependent kinase 2) and MAPK1 (mitogen-activated protein kinase 1). CDK2 usually 

phosphorylates IE2 and its inhibition decreases IE2 levels, while MAPK1 phosphorylates pp28, 

which is destabilized and degraded under MAPK1 inhibition.  

Finally, two very different strategies were developed to target HCMV with modified host proteins. 

Spiess et al. designed a fusion protein (F49A-FTP) based on the chemokine CX3CL1 and the 

pseudomonas exotoxin293. This F49A-FTP binds the viral G-protein coupled receptor US28 with a 

higher affinity than the natural receptor CX3CR1.  It gets internalized after binding and the toxin 

then kills the cell. Modification of the CX3CL1 increased the specificity to US28 leading to a high 

selectivity index for infected cells294. This strategy is also the first to target latently infected cells, 

because US28 is expressed by lytic and latently infected cells. The other strategy is a custom-

designed RNase P-based ribozyme to target HCMV mRNAs295. RNase P ribozyme is a 

ribonucleoprotein complex, which is guided by an RNA to identify the substrate RNA (by its 

tertiary structure), which further gets cleaved by the ribozyme. Naturally, it processes tRNAs. 

Yang et al. customized the RNA to target the viral mRNA of UL80 and UL80.5. Lentiviral delivery 

of the customized RNase P ribozyme to infected cells reduced the target mRNA by 99% and led to 

a concomitant inhibition of viral protein expression. 

                                                             
3 Agence national de sécurite´du medicament et des produits de santé, www.ansm.sante.fr 
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Figure 8: Target sites of anti-HCMV drugs. Standard treatments (dark red) with GCV, PFA, CDV and ACV all 
inhibit the viral genome replication, beside the oligonucleotide ISIS2922, which target the IE mRNAs. Potential 
new drugs (light red) have various viral targets. Maribavir inhibits the viral kinase UL97 as part of the genome 
replication process. Others target the genome packing and capsid maturation, IE expression or viral entry. 
Furthermore, some new drugs are targeting cellular proteins (orange), which then indirectly block the viral 
replication. One completely new mechanism is the introduction of a toxin in the infected cell to induce cell 
death (black). 

All these novel strategies show innovative and promising ways to target HCMV to prevent 

replication or even clear the infection. Among those new treatment approaches, Maribavir and 

Letermovir already proved to be efficient in clinical studies and will probably soon be part of the 

standard treatment of transplant patients. Similar to GCV and PFA, they only target lytic 

replicating virus and cannot clear the infection. Therefore, the new host protein based strategies 

could be a promising approach to completely clear the infection in latently infected patients. 

 Adoptive T-cell therapy 

One of the strongest risk factors to develop CMV disease is a delayed T-cell reconstitution (in 

HSCT)296. More than 20 years ago Riddell et al. performed the first adoptive T-cell transfer in HSCT 

patients to reconstitute the CMV specific immunity296,297. In those days, billions of cells and 

repeated infusions were needed to achieve a robust anti-CMV immune response and the cell 

preparation was expensive and very time consuming. However, he accomplished a T-cell 

reconstitution in nearly all his patients and the transferred T cells persisted for more than 12 
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weeks. Since then, a lot of research has been done to improve the cell preparation and to find the 

best cell type for adoptive cell therapy. 

In general, adoptive cell therapy is defined as the infusion of effector cells to treat or prevent a 

disease. In transplantation, mostly T cells are used as effector cells for adoptive cell therapy. Since 

the reconstitution of CD8+ T cells is essential to control CMV reactivation, therapy approaches 

were primary focused on infusing CMV-specific T cells. CD8+ T-cell infusion has been shown to be 

protective in a mouse model of MCVM infection, while the infusion of CD4+ T cells alone failed to 

protect mice from MCMV298. First studies in humans used mixed lymphocyte cultures (MLC) 

containing mainly CD4+ but also CD8+ T cells297,299. Cells were isolated from peripheral blood 

mononuclear cells (PBMC), co-cultured with a feeder cell line and supplemented with IL-2. To 

induce CMV reactivity, cell cultures were stimulated with infected autologous fibroblasts. After at 

least 4 weeks of ex vivo culture, the MLC could be used for infusion. This preliminary protocol was 

associated with a higher risk of GVHD and the infection of the recipient with HCMV from the 

infected fibroblasts. Analysis of the antigen repertoire of CMV specific T cells showed that 70-90% 

of those T cells recognise pp65 (major tegument protein of CMV), while only a minor proportion 

target IE1 or other CMV antigens300,301. Due to this finding, lymphocyte stimulation was 

subsequently done in the presence of pp65 peptides. These peptides span the whole length of the 

pp65 protein and were either added directly to the culture medium or pulsed on monocyte 

derived dendritic cells (MDDC). The stimulation by professional antigen presenting cells like 

MDDCs was much more efficient and is thus most commonly used today. Alternatively to the 

pulsed MDDC, MDDC can be nucleofected with the pp65 plasmid or transduced with an adenoviral 

vector coding for the pp65 protein302. This stimulation strategy allows also the generation of 

trivirus specific cell lines, which enable the clearance of CMV, but at the same time protect for 

Epstein-Bar-virus (EBV) or adenovirus (Adv), both also pathogens with severe pathologies in 

transplant patients303. 

Beside the usage of MLC, several groups isolated specific T-cell populations to increase the 

specificity against HCMV of the infused cells and increase their persistence in the recipient.  The 

infusion of CD8+ T-cell clones was able to prevent CMV infection297, but they only persisted in the 

recipient, if the recovery of CD4+ T cells from the HCST happened at the same time. Surprisingly, 

also the infusion of CD4+ T-cell lines were protective against CMV304,305. It induced the recovery of 

CD8+ T cells from the HCS. Other groups tried to only select activated T cells after stimulation with 

CMV antigens either by the selection of interferon-γ (IFNγ) positive cells or by CD137 expression, 

a T-cell activation marker306–308. Both strategies were successful in selecting CMV-specific cells. 

One of the week points of adoptive T-cell therapy is the long culture and expansion period ex vivo. 

Most protocols culture the cells for at least 21 days. Cell preparations can fail because of 

insufficient expansion or contaminations during the culturing process. Moreover, large cell 

expansion is time consuming and expensive. For these reasons, minimal manufacturing 

procedures were tested. PBMC were stimulated over night with CMV pp65 peptides and selected 

on the next day based on IFNγ expression or by CMV-epitop streptomers306,309. Thus, only 

activated or CMV-specific cells were selected and the cell number required for efficient immune 

reconstitution was much lower.  

Most adoptive T-cell therapies use immune cells from the HSC donor to reconstitute the immune 

system of the recipient. However, 30-50% of the donors are CMV negative and cannot provide 

CMV-specific T cells3. In this situation, there are two options available: PBMCs from the naïve 

donor can be primed by pp65 presenting MDDCs and further expanded and stimulated to gain 
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CMV-specific T cells307. In this case, it is beneficial to deplete regulatory T cells from the culture to 

boost the stimulation by CMV antigens. In vitro tests are promising, but it is not yet tested in HSCT 

recipients. The other possibility is the usage of third-party donor (TPD) cells. The difficulty is to 

find a HLA matching donor in the short time-frame after HCST. Two clinical studies tested the use 

of TPD cells with contrary results. Leen et al. were successful to reconstitute T cells in 17 out of 

19 recipients305, while Neuenhahn et al. failed to detect the donor cells in all but one patient309. 

Both studies used very different protocols for the cell preparation, which makes a conclusion of 

efficiency very difficult, but a high HLA match of the TPD cell and the HSC recipient and donor 

seems to be important to gain efficient T-cell reconstitution. 

In addition to the infusion of commonly used CD4+ or CD8+ T cells, first studies are running on the 

usage of natural killer cells (NK-cell), cytokines induced killer cells (CIK-cells) or γδ T cells. The 

advantage of these strategies is the independency of MHC class I presentation. CMV developed 

several immune evasion mechanisms to prevent MHC-I presentation, like the phosphorylation of 

pp65 and IE1 to prevent the processing in the proteasome, the prevention of the antigen loading 

on MHC-I by US6 and the general downregulation of MHC-I expression310. All this can negatively 

influence the efficiency of adoptive T-cell therapy. NK-cells have cytolytic and proinflammatory 

functions based on an ubiquitous receptor, which is upregulated on infected cells276. They have 

been tested in a mice and protect against MCMV infection310. CIK-cells are a mixed culture of NKT 

cells and CD8+ T cells, which are highly reactive against CMV and myeloid tumour cells in vitro311. 

γδ T cells are also not MHC-I restricted and response to a self-antigen upregulated on 

stressed/infected cells312. In mice, they clear the MCMV infection in the absence of αβ T cells. 

In the last 20 years, the adoptive T-cell therapy was optimized in several ways and efficiently 

tested in clinical settings. But the lack of large controlled studies, comparing different protocols 

and infused cell types, makes a conclusion about the most efficient procedure difficult. In general, 

adoptive T-cell therapy can become a real alternative to prophylactic conventional therapy and 

might even give an economic advantage by reducing the time of hospitalization313. However, the 

highly intense immunosuppressive treatment after transplantation might counteract adoptive T-

cell therapy, as it will affect the infused T cells and prevent their expansion in vivo. 

 Vaccination 

A vaccine primes the immunes system for a specific pathogen to later protect the person from the 

infection by this pathogen. Most of the research on CMV vaccines aims to prevent congenital 

infections, since there is no treatment strategy available to prevent or decrease the pathology in 

this situation. Problematic is that even naturally infected mothers with a normal immune 

response to CMV can transmit the virus to the foetus leading to birth defects. It is not clearly 

known, which features of the immune response could prevent the transmission and would need 

to be induced by a vaccine. However, other patient groups could also profit from a vaccine. As 

mentioned above, transplant patients are at high risk of CMV disease due to their suppressed 

immune system. In fact, most of the clinical studies on CMV vaccination are done in HSCT 

patients314, because clinical studies on pregnant woman are difficult and the occurrence of 

congenital CMV infection is relative low. Very large studies groups would be necessary to be able 

to show significant improvements. On the other hand, HSCT patient (donor or recipient) are often 

already seropositive for CMV. In this case, a vaccine can only boost the immune system to be more 

efficient to prevent CMV reactivation, but it cannot be tested for the prevention of a primary 

infection. Apart from specific patient groups, a generalized vaccine could be beneficial for the 

entire human population. Moreover, CMV is a species-specific pathogen, which only infects 
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humans. This makes CMV a perfect candidate to be eradicated by a generalized vaccination of the 

human population. A mathematic simulation has estimated that a vaccine with an efficiency of 

only 59-62% would be enough to eradicate CMV10. This is based on the worldwide average 

reproductive number (R0) of 2.410 (range 1.711 - 5.713). However, taken into consideration that 

the R0 number is much higher in high seroprevalence regions, like in Brazil (seroprelavence: 

87%315, R0=5.7), more efficient vaccines would be needed in those regions. The success of a 

vaccine depends then also on the time of vaccination, the coverage in the population and the 

length of protection achieved by the vaccine. A mathematical model by Lanzieri et al.13 assumed 

an efficiency of 70% and 90% coverage with a 5 year protection after injection, which then would 

lead to the eradication of HCMV, if the population is vaccinated within the first 12 months of life. 

Vaccinations later in life (>12 month) would still lead to a substantial reduction of the overall 

seroprelavence and would significantly decline the occurrence of congenital CMV infections, but 

an eradication is less probable. Moreover, for the vaccination of adolescences and adults, the 

impact of the vaccine on reactivation strongly influence the efficiency of the prevention of  

congenital infections.15 

For over 40 years, researchers try to find a vaccine against HCMV. First studies tried to attenuate 

the virus by 50 till more than 125 passages in in vitro cell cultures in order to used theses 

attenuated viral strains as a source for the vaccine316,317. The long culture time of CMV in only one 

cell type leads to mutations in different parts of the viral genome. One of the most typical 

mutations is the disruption of the pentameric glycoprotein complex 

gH/gL/UL128/UL130/UL131 (PC)314. Most of the vaccine strains have a frame-shift mutation in 

the UL130 gene. This abrogates the epithelia and endothelia phenotype and reduces infectivity 

and immunogenicity of the virus. The first live attenuated CMV vaccine tested, was the attenuated 

AD169 strain316. It induced neutralizing antibodies, which persisted for 10 years. Later on, the 

Towne CMV strain was more commonly used317,318. It also induces neutralizing antibodies as well 

as CMV-specific T cells319. At that time, human challenge studies were allowed, where the 

vaccinated study group gets infected with a clinical CMV isolate, like Toledo317. This study 

compared the immune response and viral replication of not vaccinated persons with naturally 

infected or vaccinated individuals. Low dose of the vaccine viral strain protected from a primary 

infection, but slightly higher doses increased the risk of infection by the vaccine strain and 

shedding of CMV. Today, this kind of virus challenge studies are ethically highly questionable and 

are not used in clinical research anymore. Since transplant patients have at significant high risk 

of CMV infection and enable the observation of efficiency of the vaccine in a relative small study 

population without introducing a virus challenge, most clinical studies are done in this patient 

group. Nowadays, two types of attenuated live vaccine are in the focus of research. The chimera 

viral strain of Towne and Toledo showed a good safety profile in a phase I clinical trial, but induced 

seroconversion only in 11 out of 36 vaccinated individuals320. This study tested several different 

chimeras and doses and concluded that a follow up study would be needed on one of the chimera 

with a broader dose range. The second type of attenuated live vaccines are the so called “DICS” 

(transgenic disabled infectious single cycle vaccine strains). Those viruses can be replicated in 

vitro in specific cell lines, but are replication incompetent in vivo314. The strain V160 is in a phase 

I clinical trial. It is genetically modified that the IE1 and IE2 as well as UL51 genes are fused to the 

unstable FKB12 domain. FKB12 can be stabilized by the addition of Shield-1 in the culture medium 

in vitro, but in vivo it will be rapidly degraded leading to a replication incompetent virus. FKB12 

fusion to IE1/2 has been used before to study the function of the IE genes192. 
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Attenuated live vaccines have always the risk of adaptation of the vaccine virus to the host and 

loss of the attenuation, which could cause an infection of the host, shedding of the vaccine strain 

and infection of other individuals. Other safer vaccination strategies have been developed. The 

special feature of CMV to produce dense bodies was adjusted to deliver viral proteins in the host 

without an infectious particle321. Dense bodies are enveloped particle, which contain mainly the 

viral tegument protein pp65, but also express viral glycoproteins on the surface163,170. In different 

mouse models, dense bodies could deliver the viral proteins to the host cells321,322. Those proteins 

can be process and presented by MHC I and II molecules to induce a strong immune response in 

vivo including cytotoxic T cells (CTL) and neutralizing antibodies. A similar approach has been 

establish using the transfection of gB and the gag protein of the Moloney murin leukemia 

virus314,323. The coexpression of gag with gB leads to a capsid formation of gag, which is enveloped 

by a membrane containing the CMV gB. To increase the immunogenicity, gag can be fused to pp65 

of CMV. These enveloped virus-like particles (VLP) is in a phase I clinical study on heathy 

seronegative volunteers (NCT02826798). 

The use of other viral proteins or particles as delivery methods goes further than the construction 

of VLPs. The attenuated canarypox virus ALVAC can be used as a vector for some CMV antigens324. 

The first ALVAC vector expressed gB, but it failed to induce neutralizing antibodies. Those ALVACs 

has been tested efficiently only for priming the host before immunization with an attenuated live 

vaccine. Later, ALVAC was used to express pp65 resulting in a much better induction of 

neutralizing antibodies and CTL priming325. A phase II clinical trial in HSCT patients is ongoing. A 

different vector vaccine is based on the modified vaccinia Ankara (MVA) Triplex326, expressing the 

CMV antigen pp65, IE1 exon 4 and IE2 exon 5. There is nearly no immunity against the vaccinia 

virus in the human population since the common pox vaccination was stopped in the 1970ies. The 

safety profile was good, even for vaccinia seropositive individuals, and a strong immune response 

specific to CMV was induced.  

Another very common vaccination strategy is a so-called subunit vaccine, meaning the injection 

of a few proteins or peptides of the virus to prime the immune system against the main antigens. 

This is for example commonly used for the influenza virus vaccination. The subunit vaccine 

against CMV consists of gB, modified to delete the transmembrane domain and the internal 

cleavage site, and the adjuvant MF59, which has been proven more efficient than the common 

aluminium hydroxide gel327. In the phase I clinical study, it showed a good safety profile. Different 

follow up phase II clinical trials tested the efficiency of the vaccine314. While the vaccination of 

adolescents did not give significant results, the vaccination of women at least 1 year prior to a 

pregnancy showed a 50% protection and a boost of the immune system in seropositive women. 

Also, in SOT patients it reduced the reactivation of CMV and the transfer of CMV from the donor 

organ to the recipient. The disadvantage of the gB subunit vaccine is that the CTL induction is not 

optimal, since CMV-specific T cells mostly react against pp65 during the natural infection to 

control reactivation 310. Based on this observation, a peptide vaccine was developed in which the 

immune dominant peptide of pp65 was either fused to the T-helper epitope PADRE (pan DR 

epitope) or a tetanus toxin peptide328. The fusion peptide has been shown to induce a strong T-

cell response, which was even stronger in combination with the adjuvant PF03512676, a CpG 

single strand oligonucleotide and Toll-like-receptor 9 agonist. Under the name CMVPepVax it has 

been positively tested in a phase I clinical trial leading to a phase II study in HSCT, which is still 

ongoing329. 

A different approach, started in the late 1990ies, is based on the injection of a plasmid coding for 

1-2 viral proteins (gB and/or pp65)330. This DNA vaccine was examined in a preclinical study in 
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Guinea pigs to analyse the effect on trans-placenta transmission to the foetus. First studies 

showed a high neutralizing antibody titre. As ASP0113, it went to clinical studies with a co-

injection of two plasmids expressing pp65 and gB331. The good safety profile in the phase I tests 

led to a phase II trial in HSCT patients. A slight reduction of CMV viremia was shown, but no 

difference in antiviral therapy and CMV disease development. A more advanced model of the DNA 

vaccine include the usage of bacterial artificial chromosomes (BAC) coding for a replication 

incompetent CMV virus332. This was very promising in Guinea pigs and could significantly 

decrease mortality of the foetuses.  

Overall the vaccine development made huge progress, but long-term studies of large study groups 

are needed to assess, if the prevention of CMV infection can be achieved. Moreover, even if an 

efficient vaccine is available, it will take decades to decrease CMV infection in the population due 

to the broad seroprevalence. Furthermore, the protection of the foetus from the maternal CMV 

infection will be very difficult to control, since the immune system of the mother often fails to 

prevent the transmission. Therefore, the vaccination of HSCT patients is in the focus of current 

research. It is difficult to immunize patients before the full immune reconstitution, which takes up 

to 2 years125. The priming and boosting of the immune response early after transplantation can 

be of advantage, as shown by several of the above discussed clinical studies. However, especially 

patients with a delay in immune reconstitution might not response to the vaccination and are still 

under high risk of CMV infection. Therefore, treatment with conventional therapies or novel 

treatment approaches targeting the virus are still needed. 
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Box 4: Comparison of the different therapy approaches 

THERAPY  ADVANTAGE DISADVANTAGE 

Gold 
standard  
(nucleotide 
analogues) 

+ Inhibition of lytic replication 

+ Reduction of CMV viremia 

and disease in transplantation 

to less than 5% and 2%, 

respectively  

+ Valine ester modification 

allows high bioavailability 

- No clearance of the infection 

(do not target latently infected 

cells) 

- No effect on established CMV 

disease 

- No protection against 

congenital infection 

- Side effects: myelosuppression, 

delayed immune reconstitution 

- Drug-resistant viral strains 

Anti-HCMV 

drugs under 

development 

+ No drug-resistant viral 

strains so far (exception 

Maribavir) 

+ Multiple target sites allow the 

combination of the nucleotide 

analogues and the new drug 

to gain a synergistic effect 

+ Several drugs target at IE 

time points and prevent the 

expression of all viral 

proteins preventing cell cycle 

control by CMV 

+ Improved safety profile 

+ F49A-FTP has the potential to 

clear the infection by killing 

latently infected cells 

- No clearance of the infection 

(do not target latently infected 

cells) (exception F49A-FTP) 

- Probably no protection against 

congenital infection 

Adoptive T-

cell therapy 

+ No side effects 

+ Control CMV infection in the 

most natural way 

+ Shorter hospitalization 

+ Less use of pharmaceutical 

drugs  

- Higher risk of GVHD 

- Bad efficiency under intense 

immunosuppressive regimen 

- Complicated protocol for cell 

generation 

- High costs 

- Probably no protection against 

congenital infection 

Vaccination + Prevents infection with CMV 

+ Only possible prevention for 

congenital infection 

+ Opens the way to eradicate 

CMV 

- Difficulties in transplant 

patients: 

- It is not possible to induce 

an immune response before 

the reconstitution of the 

immune system 

- Patients are often already 

CMV positive 
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2 CRISPR/Cas9 

Genome editing has been used for decades to uncover gene functions, develop treatment for 

genetic disorders or to fight infections. First known were meganucleases (MN), which originate 

from yeast and are endonucleases with a >14 bp DNA recognition site333. Their adaption for 

research and programming for new targets is very difficult and includes new protein engineering 

with a low efficiency rate. Several years later, the discovery of Zink-finger-nucleases (ZFN) opened 

new possibilities. They are chimeric enzymes, which combine DNA-binding zinc-finger domains 

with the FokI endonuclease domain. To target a DNA sequence a pair of ZFN needs to be designed, 

because the FokI domains needs to dimerise to induce a double strand break (DSB). Furthermore, 

the reprogramming still depends on protein engineering. More recently, transcription activator-

like effector nucleases (TALEN) became an easier genome editing tool. They are engineered 

enzymes consisting of a DNA biding domain, found in a plant pathogen, fused to the FokI 

endonuclease domain334. The DNA recognition is mediated by a repeat sequence in the DNA 

binding domain. Each repeat is specific for one base pair (bp). This gives a code to reprogram the 

DNA binding site more rapidly than for MN or ZFN. Still, complex cloning was necessary to achieve 

new programmed nucleases, especially because the repeats often lead to recombination. 

Moreover, the delivery of TALEN inside the target cell is very difficult, because as for ZFN, TALEN 

needs to dimerize to induce a DSB, and has therefore a very large size333. The field of genome 

editing was revolutionized when the clustered regularly interspaced short palindromic repeat 

(CRISPR)/CRISPR-associated nuclease 9 (Cas9) was introduced as a genome editing tool in 

 

Box 5: General principal of the CRISPR/Cas9 system 

A) The CRIPSR/Cas9 system is a two 

component genome editing tool 

consisting of the Cas9 endonuclease 

and the gRNA. The Cas9 screens the 

target DNA for the protospacer 

adjacent motif (PAM) and the gRNA 

binds the protospacer by Watson-

Crick-base pairing. If both 

components find the correct target 

region, the Cas9 induces a double 

strand break (DSB), which is 

subsequently repaired by the 

cellular repair mechanism: non-

homologous end-joining (NHEJ) or 

homologous recombination (HR).  

 

B) NHEJ is error prone and induces small indels at the target. Those indels can induce frameshift 

mutations and premature stop codons leading to the knock out of the target gene. Larger 

deletions can be created by using several Cas9/gRNAs. HR depends on a donor DNA template, 

either a single strand oligonucleotide (ssODN) to induce single nucleotide substitutions or 

large dsDNA (e.g. plasmids) to introduce whole genes.  

Picture: modified Mali et al. 2013; Nat Methods. and  Shao et al. 2014;Nat Protoc. 

38/nprot.2014.171. 

542,543 

 

 



 

  Introduction 42 

2012/2013335. It is a much easier system of two components: the Cas9 endonuclease, which 

induces a DSB in the target DNA, and a small guide RNA (gRNA) guiding the Cas9 to the target site 

(Box 5). Since the recognition of the target site depends on RNA-DNA Watson-Crick base pairing, 

the reprogramming of the CRISPR/Cas9 is much more feasible and needs only the new design of 

the RNA compound. It gained rapidly recognition in the scientific community and was declared 

the scientific breakthrough of the year 2015. Since then the number of publication using this 

technology is exponentially rising. 

 The origin of the CRISPR/Cas9 system 

Originally, the CRISPR/Cas9 system is an adaptive immune system of prokaryotes to protect 

against phages and plasmids336. 40% of all bacteria and up to 90% of archaea have some type of 

CRISPR/Cas system. Firstly described was the particular structure of the CRISPR locus in 

Escherichia coli in 1987337. However, the real functional properties of the CRISPR locus were only 

discovered in 2002 by Jansen et al.338.  

The CRISPR/Cas system is very diverse in the different species. It can be classified in three main 

types (I-III) and several subtypes (A-E) (Figure 9)339. In general, it consists of the CRISPR locus 

and different types of cas genes. The CRISPR locus starts with the leader sequence of several 100 

bp and in average around 60 short repeats of 23-47 bp, which are separated by unique short 

spacer elements of 21-72 bp336,338. Those spacers originate from foreign DNA (phage, plasmid)340. 

There are up to 45 different cas families with distinct DNA modifying function341. They include 

nucleases, helicases, polymerases and polynucleotide binding proteins and are necessary to 

provide protection against the invading DNA342. 

 

Figure 9: Representation of the different types and subtypes of the bacterial and archaea CRISPR/Cas systems. 
They all include multiple enzymes, which are involved in the acquisition of new spacers. The main difference 
is the enzyme complex, which is responsible for the screening and cleavage of the DNA. CRISPR/Cas type I and 
III use multi protein complexes in connection with a CRISPR RNA (crRNA). In comparison, the CRISPR/Cas type 
II is more simple and only dependent on the Cas9 endonuclease in connection with the transactivating 
crRNA(tracrRNA):crRNA duplex. The simplicity of the system makes it a perfect candidate for the adaptation 
for genome editing. Figure from: van der Oost et al. 2014; Nat Rev Microbiol. 

The main mechanism to acquire protection and destroy foreign DNA is the same for the three 

CRISPR/Cas systems and can be divided in three steps339. Firstly, the bacterium or archaea is 
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infected with an invading pathogen, which releases its genetic material inside the plasma. This 

invading DNA is processed by the cas proteins and the small DNA fragment can be integrated in 

the CRISPR locus in bacterial/archaeal genome343. The integration of a new spacer element is 

regulated by the protospacer adjacent motif (PAM), which is species specific344. Depending on the 

PAM and further cas proteins the new spacer is inserted at the leader sequence and a new repeat 

sequence is generated. The integration of a new spacer element can be concomitant with the loss 

of an already acquired older spacer element to control the size of the CRISPR locus. In step two, 

the CRISPR locus gets transcribed to one long precursor CRISPR RNA (pre-crRNA) starting with 

the leader sequence followed by the repeat-spacer repetitions339. Subsequently, host RNase III or 

the Cas6 protein processes the pre-crRNA to the mature crRNA and allows the assembly with the 

nuclease complex. Finally, this ribonucleoprotein (RNP) complex degrades invading DNA 

sequence-specific dependent on the PAM and the crRNA.  

 Principle of genome editing via CRISPR/Cas9 

The bacterial CRISPR/Cas type II served as a basis for the actual genome editing tool, because 

surveillance and degradation is only mediated by one protein, the Cas9339. The Cas9 consists of 

two major lobes: the NUC (nuclease lobe), which contains  two nuclease domains (HNH and RuvC) 

and a small DNA binding domain for the PAM recognition (PI = PAM interaction domain), and the 

REC (recognition lobe) consisting of three domains (REC1-3) important for structural changes 

dependent on target-DNA binding of the gRNA for the nuclease activation345. Emmanuelle 

Charpentier and her team adapted the Cas9 of the Streptococcus pyogenes (SpCas9) for the usage 

in eukaryotic cells335. They inserted two nuclear localisation signals (NLS). Later on,  the sequence 

of the Cas9 was human codon-optimized for better usage in human cells346. A further 

simplification was introduced on the RNA design. Originally, the bacterial Cas9 build a complex 

with the tracrRNA:crRNA duplex. The crRNA contains the spacer sequence and the constant 

repeat region and the tracrRNA base pairs with the repeat part of the crRNA to build secondary 

structure to interact with the Cas9. Charpentier constructed a chimeric guideRNA (gRNA) to 

replace the tracrRNA:crRNA duplex. It has a 21 nt single strand region at the 5’ end to bind the 

target sequence (spacer) and a 3’ end hairpin structure to connect with the Cas9. Today, there are 

several expression plasmids and vectors available, which only need the introduction of the 21 nt 

target sequence to complete a fully functional genome editing tool346–348. In comparison to the 

older techniques like ZFN or TALEN, the CRISPR/Cas9 is much more cost efficient and needs only 

a few weeks of planning and cloning.  

Genome editing by the CRISPR/Cas9 system is meditated by the cleavage of the target gene 

leading to a DSB and its repair by the host cell DNA repair machinery to introduce changes in the 

target gene. The Cas9 itself is inactive as long as it is not interacting with the gRNA. The binding 

of the gRNA repositions the PI domain to enable its interaction with the DNA. Futhermore, the 

interaction of the gRNA/Cas9 pre-orders the gRNA spacer region proximal to the PAM (seed 

sequence) into an A-from to facilitate the interaction with potential target DNA sequences. The 

PAM distal gRNA region is unstructured but protected in a cavity of the Cas9 between the two 

nuclease domains345. The molecular mechanism depends then on the Cas9 screening the 

DNA/genome for the PAM sequence334. This first interaction is very short (<1 s). If the PAM 

recognition is successful, the Cas9 melts the DNA double helix and flips the first base of the target 

sequence towards the gRNA forming the R-loop349. The base-paring of the pre-ordered gRNA seed 

sequence with the target DNA goes in hand with conformational change in the Cas9 to facilitate 
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the gRNA distal base pairing with the target DNA. The RNA-DNA heteroduplex lies in a positive 

charged channel between the two lobes (REC and NUC). Finally, the REC3 domain detects 

sequence-independently the perfect base pairing of the gRNA/target DNA and induces the 

reorientation of the REC2 domain350. This reorientation allows the HNH domain to interact with 

the target DNA, which subsequently leads to the rearrangement of the linker domain between the 

HNH and RuvC nuclease domain positioning the RuvC domain closer to the target DNA to activate 

its nuclease function345. The cleavage of the DNA is then induced three base pairs upstream of the 

PAM sequence335. The DSB will be repaired by repair mechanisms of the host cell. The most 

common one is the template independent non-homologous end joining (NHEJ) known to be error-

prone and to introduce small insertion and deletions (indels) at the cleavage site17. While the 

classical NHEJ is relatively accurate, the two alternative NHEJ mechanisms, microhomology-

mediated end joining (MMEJ) and theta mediated end joining (TMEJ), are much more 

mutagenic351 (Figure 10). The classical NHEJ re-joins the DNA unspecifically without further 

modifications. The blunt end DNA is captured by Ku70/80 to protect it from degradation. Further 

connection to the DNA by a protein kinase and other factors stabilizes the DNA and activates the 

ligation by host ligase IV. In comparison, the MMEJ is Ku independent352. It is a process starting 

with the resection of the DNA ends in 5’- 3’ direction to generate a 3’ overhang. The two ssDNA 

arms anneal depending on small microhomologies. Overhanging non-complementary 3’ ends get 

removed and the open gap gets filled-in by a polymerase. Finally, the strands are ligated by the 

host ligase III/I. This repair mechanism nearly always generates small deletions, but hyper 

mutations are observed in an area of 10 kb around the DSB353. The TMEJ relays on a similar 

mechanism351. The major difference is the involvement of the translesion DNA polymerase θ, 

which extends the 3’ overhang template independently by several base pairs. This leads to the 

formation of indels round the DSB. The mutagenic potential of the alternative NHEJ mechanisms 

are of advantage in genome editing. The introduction of indels can lead to a frame-shift mutation, 

which then usually results in a premature stop-codon or a malfunctional truncated protein. Often, 

it leads to a knock-out of the target gene.  

 

Figure 10: Different types of non-homologous end joining (NHEJ) after a double strand break (DSB). A: The 
CRISPR/Cas9 system induced DSB by blunt end cleavage of the target site. Without a homologous region 
available or in a resting cell, the DSB gets repaired by NHEJ. B: Microhomology-mediated end joining (MMEJ) 
starts with the resection of the DNA blunt ends to generate single strand 3’ overhangs, which can base pair at 
microhomologies. 3’ non-complementary overhangs are removed and the reminding gaps get filled-in and re-
ligated. MMEJ nearly always leads to small deletions. C: classical NHEJ is a mainly error-free direct ligation of 
the two blunt ends, depending on the protection of the free DNA ends by the proteins KU70/80. D: Theta-
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mediated end joining (TMEJ) is named after the translesion polymerase θ, which can add bases at the 3’ end 
template-independently. The mechanism is similar to the MMEJ, 3’ overhangs, generated by resection and/or 
extension, anneal and the gap gets filled-in and re-ligated. TMEJ can induce small deletions and insertions. 
Figure from: Rodgers et al. 2016; J Cell Physiol.  

The efficiency of a gRNA/Cas9 to induce indels at the target region is most commonly accessed by 

a SURVEYOR assay or T7-endonulcease assay354. Therefore, the target region gets PCR amplified. 

Subsequently, the PCR products get denaturated and slowly reannealed. When a WT and a 

mutated or two differently mutated PCR fragments reanneal, they contain small mismatches at 

the mutation sites. Those reannealed PCR products will be subjected to an endonuclease 

(surveyor or T7), which identifies the small mismatches and induces a DSB. Separating the PCR 

fragments by gel-electrophoreses, an uncut PCR product band and two smaller bands will be 

detected. The percentage of mutated sequences can be calculated based on the following formula, 

where a is the DNA concentration of the uncut PCR product and b and c are the DNA 

concentrations of the digested PCR products:  

𝑓 =
(𝑏 + 𝑐)

𝑎 + 𝑏 + 𝑐
 

𝑖𝑛𝑑𝑒𝑙 (%) = 100 × (1 − √(1 − 𝑓)) 

The method is relatively accurate for low and intermediate mutation efficiency, but it is biased at 

high efficiencies, because it estimates the uncut band as not mutated. At very high mutation 

efficiency, the uncut band contains WT and mutated PCR fragments, since the probability that two 

fragments with the exact same mutation reanneal is much higher. Today, there is a new method 

available, which does not depend on the realignment of PCR fragments355. The restriction 

fragments length polymorphism analysis (RFLP) uses the same gRNA/Cas9, as used for inducing 

the mutation, to digest the PCR fragments. WT PCR products will be cut by the gRNA/Cas9, while 

mutated PCR products cannot be targeted by the same gRNA. The efficiency calculation is thus 

based on a simple ratio of not cut (=mutated) and cut (=WT) PCR products. 

Finally, there is a third method for indel-detection, which is independent of the cleavage of the 

PCR product. TIDE (tracking indels by decomposition) is based on sequencing. The target region 

is PCR amplified and subsequently analysed by basic Sanger sequencing. The CRISPR/Cas9 

treated sample will give a mixed sequencing result starting at the target region. The TIDE software 

will decompensate the sequence mix to identify the different sequences available in the mixture 

compared to the wild type sequence. This provides information about the length and frequency 

of small insertions and deletions and analyses the base composition of the 1 bp insertion. This 

method provides even more detailed information about the target region than the commonly used 

T7 assay356. 

In general, the mutation efficiency of a singleplex CRISPR/Cas9 system is between 16-79%357,358. 

Therefore, it is much more efficient than TALEN (0-34% efficiency). The high variability depends 

on the cell type, the target gene, the secondary structure of the gRNA and the chromatin 

condensation of the target region. Highly closed chromatin region cannot be targeted by the 

CRISPR/Cas9 system, because the gRNA/Cas9 cannot bind to the DNA359.  

The CRISPR/Cas9 system can also be used as a multiplex strategy, where several gRNAs are 

designed to target multiple sites in one or several genes simultaneously348. This leads to a large 

deletion between the target sites (Figure 11), but can also lead to the inversion of the target region 

with a probability of around 12.9%. Still, most commonly it leads to indels at both target sites. 

Deletions of up to 1 Mb have been generated like this360. The efficiency to induce the large 
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deletions is inversely correlated to the size of the deletion and needs gRNAs, which are highly 

efficient alone (singleplex). 

 

Figure 11: Frequency and characterization of mutations after multiplex CRISPR/Cas9 cleavage. A) 278 clones 
were analyzed per allele by Sanger sequencing to determine the frequency of deletion, inversion and indels. B) 
The frequency of large deletions was analyzed in correlation with the deletion size in a non-linear regression 
model. Figure from: Canver et al. 2014; J Biol Chem. 

The introduction of specific point mutations is also possible with the CRISPR/Cas9 system. To 

achieve this, the DNA repair mechanism of homologous recombination (HR) is taken advantage 

of333. In general, all DSB could be repaired by HR. It is a template dependent mainly error free 

repair mechanism. However, it is only active in the S/G2-phase of the cell cycle to provide genome 

integrity during mitosis. There are several natural HR repair mechanisms (Figure 12), but the 

double strand break repair (DSBR) is the most common one351. Usually, the sister chromatid 

serves as a template to repair the DSB. After the DSB, a single strand (ss) 3’ overhang is generated 

by the Sae2/CtIP nuclease. The single strand induces the invasion at the homologous region of the 

sister chromatid. A D-loop is generated, where the second single strand can base pair with the 

sister chromatid, too. The 3’ end of the broken strand gets amplified till the 5’ end of the other end 

is reached. Both ends are re-ligated, which can rarely lead to small mutations. The two sister 

chromatids are separated by the topoisomerase leading to the two original chromatids, or by 

inducing a crossover between the two chromatids leading to the translocation of the two arms of 

the chromatids. Alternatively, the synthesis dependent strand annealing (SDSA) relies on the 

same principle, with the difference that only one strand invades the sister chromatid, gets 

amplified and then reanneals with the original strand. A crossover between the two chromatids 

is here very unlikely. If the second strand is not available, the break induced replication (BIR) is 

initiated. Therefore, the invading strand gets replicated entirely. This can lead to the loss of 

heterozygosity and it is associated with mistakes and mutations361. 
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Figure 12: Homologous recombination (HR) DNA repair mechanism. A) The introduction of the blunt end DNA 
double strand break (DSB) by the CRISPR/Cas9 system. B) HR depends on the base pairing of the broken DNA 
with a template DNA strand. Therefore, 3’ overhangs are generated by the resection of the blunt end in 5’-3’ 
direction. C) The 3’ overhang subsequently invades the template DNA strand, which is most often the sister 
chromatid. D) During the synthesis dependent strand annealing (SDSA), the invading strand is template-
dependently extended until it can dissolve and reanneal with the original strand. E) For the double strand 
break repair (DSBR) both 3’ overhang anneal with the template DNA. The separation of the two DNA strands 
needs to be resolved by the topoisomerase to keep the integrity of both strands, or otherwise leads to a 
translocation (crossover) of the two chromatids. Figure from: Rodgers et al. 2016; J Cell Physiol.  

For genome editing and the introduction of a specific mutation, the researcher has to provide a 

donor DNA template. The insertion of whole genes or larger sequences depends on a template, 

which requires at least 400 bp long homology arms on both site of the insert sequence to induce 

the HR362. The generation of a point mutation is easier. It has been shown that it is highly efficient 

to provide a single strand oligonucleotide fragment containing the point mutations 

complementary to the non-target strand, because after the cleavage of the DNA, the Cas9 releases 

at first the non-target strand, allowing the invasion of the single stranded donor DNA. The general 

efficiency of specific mutagenesis dependent on HR is around 15%358. However, HR is only active 

in dividing cells, which narrows this application to specific highly proliferative cell types. 

To conclude, the CRISPR/Cas9 is an easily feasible gene editing tool, which outrange its 

predecessors like TALEN and ZFN, in cost and time efficiency as well as in target efficiency. It is 

rapidly programmable by the generation of a new gRNA sequence of 21 nucleotides. Several web 

tools are available today, which helps to design and clone the desired genome editing tool. Open 

challenges are the efficient delivery and the avoidance of off-target effects, which will be discuss 

in the following chapters.  

 Specificity of the CRISPR/Cas9 system 

The CRISPR/Cas9 system, as the easiest of the above-mentioned genome editing tools, has a great 

potential for the usage in clinical applications. In this context, a very high specificity is necessary 

to avoid severe side effects, which can be caused by mutations induced by the CRISPR/Cas9 

system cutting at an off-target site. Off-target sites are sequences with a high homology to the 

original on-target site, which can be identified by the Cas9/gRNA in a less frequent manner. Those 
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mutations can have different consequences depending on the affected gene or region363. In the 

worst case, it might lead to the transformation of the cell and the development of a tumour. Other 

outcomes could be chromosome translocations and the dysregulation or disruption of a gene.  

Several factors influence the specificity of the CRISPR/Cas9 system, which have to be taken in 

consideration for the design of a gRNA. In this chapter, I will focus on the most commonly used 

CRISPR/Cas9 system of Streptococcus pyogenes. The target sequence consists of a 20 nt 

protospacer, which is detected by the gRNA, and the PAM, in this case NGG354. The optimal gRNA 

would target a unique sequence with minimal homologies in the target genome. Detailed analysis 

of the binding specificity of the gRNA and Cas9 on-target regions discovered that the Cas9 

undergoes a conformational change, when the gRNA matches perfectly with the target region364. 

Homologues regions with a few mismatches in the target region could be cut by the gRNA/Cas9, 

if the homology is still strong enough to induce the conformational change. Several studies tested 

the tolerance of the gRNA/Cas9 complex to mismatches between the target region and the gRNA. 

A, so called, seed sequence has been identified, which does not allow any mismatches365. It includes 

the first 8-14 nt proximal to the PAM (Figure 13 A). In the PAM distal region, mismatches are 

better tolerated and can lead to off-target activity. The off-target activity is not only correlated to 

the position in the target region but also to the type of mismatch, the number of mismatches and 

if they are separated or adjacent. Therefore, mismatches of the RNA:DNA base pairing by rC:dC 

have a stronger impact on the Cas9 activity than other nucleotide mismatches. Up to 7 mismatches 

can be tolerated364, but the increasing number of mismatches is inversely correlated to the 

cleavage activity of the Cas9, whereas adjacent mismatches reduce the cleavage efficiency much 

stronger than several single mismatches366.  

 

Figure 13: Tolerance of mismatches in the target region. A) Heat map of the T7 assay analysis of gRNA/Cas9 
with single mismatches at different position in the gRNA. PAM proximal mismatches abolish the cleavage 
efficiency nearly entirely. RNA:DNA mismatches of rC:dC have the strongest impact on the cleavage efficiency 
(increasing cleavage efficiency normalized to the original gRNA from white: no cleavage to blue: maximal 
cleavage). B) T7 assay analysis of alternative PAMs. Natural PAM of NGG is correlated with high cleavage 
efficiency. Low efficiency with the alternative PAM NAG is also detected (increasing indel frequency from white 
0% to blue 20%). Figure from: Hsu et al. 2013; Nat Biotechnol.  

Furthermore, the gRNA or target DNA strand can build bulges (nucleotide insertions), which can 

be tolerated proximal and distal of the PAM366. The Cas9 is more sensitive to the DNA bulge 

(insertion of a nucleotide at the target strand) and only tolerates 1 nt bulge. In comparison, RNA 

bugles of up to 5 nucleotides still allow Cas9 activity. 
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The spacer region is not the only one being associated with off-target activity, the PAM region can 

be also associated with off-target activity of the Cas9. The first interaction with the DNA is 

mediated by the Cas9 detecting the PAM, usually NGG. But it has been discovered that the Cas9 

can bind to alternative PAMs, NGA (and NAG) with a reduced probability363,365 (Figure 13 B).  

Today a lot of different web tools are available to design gRNAs and predict their off- and on-target 

potential367. They use an input DNA sequence of the target gene to design a gRNA and analyse this 

gRNA for off-target effects on a reference genome.  Many factors should be taken into account to 

gain a highly specific gRNA. Obviously, general factors like CpG content and secondary structure 

of the gRNA are important366. Moreover, the off-target prediction should consider the number, 

position, type and nature (single/adjacent) of mismatches, the possibility of bulges and the 

alternative PAMs363,365–367. For off-target, and more importantly for on-target activity, the 

chromatin condensation can strongly interfere with the target efficiency and should be taken into 

account, if possible359,368. Finally, on-target activity can be affected by single nucleotide 

polymorphism between different individuals367.  

The choice of one of the different web tools strongly depends on the project and organism to work 

with. Simple knock-out experiments need different features than multiplex gene deletion 

experiments. To make a valid choice, addgene offers an interactive comparison table including 27 

web tools available at the moment (CRISPR Software Matchmaker). 

In this thesis, I worked with two different web tools. CRISPR design (http://crispr.mit.edu/) from 

Zhang lab, MIT was one of the first web tools online. After providing a target sequence of several 

hundred bp, it calculates possible gRNAs. The gRNAs are ranked by their off-target potential based 

on number, position and nature of mismatches. Later on, new web tools were released with more 

extended features, thus I continued working with the CRISPOR web tool 

(http://crispor.tefor.net/). It has a more detailed specificity analysis. gRNA selection is done   

considering microhomologies to increase the probability of frame-shift mutations. Off targets are 

calculated based on mismatches, alternative PAMs and the position in the genome (exon, intron, 

intergenic). The different scores lead to a more substantial gRNA selection. 

 Modification of the Cas9 and gRNA to improve the specificity 

With the progression of knowledge about the action of the Cas9 and gRNA to interact with the 

target DNA and induce cleavage, modifications on both components were applied to increase the 

specificity. There are three major ideas to improve the specificity (Figure 14): (I) adjusting the 

gRNA/target DNA (tDNA) interaction to be more sensitive to mismatches, (II) engineering a Cas9 

with reduced interaction with the tDNA to increase the sensitivity of the gRNA/tDNA interaction 

and (III) modifying the Cas9 cleavage activity to function as a dimer. Furthermore, there are some 

other Cas9 variants, which also improve specificity (IV). 

http://goo.gl/R0gANl
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Figure 14: Modifications on the CRIPSR/Cas9 system of streptococcus pyogenes to enhance the specificity. 0: 
Wild type gRNA/Cas9. I: Truncation of the gRNA structure by 2-3 nt reduces the total gRNA/tDNA binding 
energy, which leads to a higher sensitivity to mismatches. II: Attenuation of the Cas9 binding to the target DNA 
strands increases the importance of the perfect base pairing of the gRNA/tDNA to generate a stable R-loop for 
the induction of the DSB. III: Dimerization dependent approaches of the CRIPSR/Cas9 system increase the 
specificity, because the monomer alone cannot cause significant damage to an off-target site. III-a) The duplex 
strategy of the Cas9 nickase generates the single strand breaks leading in close proximity to a DSB with 
overhangs. III-b) The cleavage deficient Cas9 fused to the nuclease domain FokI. FokI is only a functional 
nuclease after dimerization, the same principle as TALEN and ZFN. IV: Inducible CRISPR/Cas9 systems have 
reduced off-target effects, because the exposure of the functional gRNA/Cas9 complex is limited. IV-a) The split-
Cas9 is separated in two subunits, which are ligated to the domains FRB and FKBP, which dimerize in the 
presence of rapamycin. The dimerization reconstructs the functional gRNA/Cas9 complex. IV-b) The Cas9 is 
fused to intein, which inhibits the nuclease activity of the Cas9. 4-hydroxtamoxifen induced the removal of 
intein and releases a fully functional gRNA/Cas9. Figure from: Komor et al. 2017; Cell.  

 

(I) The advantage of modifying the gRNA is that it is easy and fast to apply. In a first 

attempt, the length of the protospacer region was changed. Surprisingly, the 

prolongation of the region failed to improve binding specificity, because it was 

processed in vivo to the typical 20 nt length347. However, the truncation of the 

protospacer domain successfully reduced the off-target activity by 5000 fold369. The 

truncation reduces the binding energy of the gRNA/tDNA and therefore increases the 

sensitivity to mismatches. A minimal length of 17 nt is necessary to mediate normal 

on-target activity (Figure 14 I). gRNAs shorter than 15 nt lead to a dead gRNA and 

cannot induce the conformational change to induce DNA cleavage370. Furthermore, the 

scaffold domain of the gRNA can also be adjusted371. The extension of the gRNA 

scaffold improves on-target efficiency significantly. Optimal is an extension of 5 bp at 

the RNA duplex for the interaction with the Cas9. Synergistic with the extension is the 

reduction of the T stretch between the scaffold region and the protospacer domain. 
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The four Ts are an RNA Polymerase III pause signal. The substitution of only one T to 

G/C efficiently enhances the on-target activity. Stronger on-target activity increases 

the specificity (on-target/off-target ratio) of the CRISPR/Cas9 system and allows then 

a shorter exposure of the gRNA/Cas9 to the cells or a reduced dose, which would 

further reduce the off-target activity. Therefore, the delivery of the gRNA/Cas9 can 

have impact on the specificity of the system as well. The transfection of an expression 

plasmid leads to Cas9 and gRNA expression usually under a highly active promotor for 

a few days. But, direct transfection of the Cas9 mRNA and the gRNA reduces the 

exposure time of the CRISPR/Cas9 system to the target genome and prevents off-

target activity. Unfortunately, the on-target efficiency is also reduced, because the 

gRNA stability is very short and is already partly degraded before the Cas9 protein can 

be synthesised in the cell. Hendel et al. chemically modified the gRNA to ameliorate its 

stability and gained much higher on-target efficiencies372. Moreover, he validated that 

the direct delivery of the Cas9/gRNA ribonucleoprotein complex to the cells has an 
even higher on-target activity. The chemical modification of the gRNA is only possible, 

if a direct delivery of the in situ synthesised gRNA is chosen.  

(II) Beside the gRNA enhancements, two groups have developed off-target reduced Cas9s. 

In 2015, the eSpCas9 was developed from the Zhang lab373. They validated their 

hypothesis, that the cleavage efficiency of the Cas9 depends on the separation of the 

target DNA strands. This is dependent on the Cas9 helicase activity by the interaction 

with the non-target strand and the gRNA/tDNA base paring. The attenuation of the 

helicase domain should reduce the force of the helicase to separate the DNA double 

strand and make the interaction of the gRNA/tDNA more important for this action. 

Zhang and his team remove some of the positive charged amino acids for the non-

target DNA binding groove and discovered two eSpCas9 (1.0: K810A / K1003A / 

R1060A and 1.1 K848A / K1003A / K1060A) with an improved specificity profile 

(Figure 14 II). They have the same on-target efficiency, but their off-target probability 

is reduced to less than 0.2% and is therefore more specific than the truncated gRNA. 

The other Cas9 variant was published in 2016 by Kleinstiver et al.374. His modification 

idea, similar to the eSpCas9, reduced the Cas9 force to open the DNA double strand 

and refined the relevance of the gRNA/tDNA interaction. Therefore, the interaction 

domain of the Cas9 with the target DNA strand was weakened (Figure 14 III-a). The 

Cas9-HF (N497A / R661A / Q695A / Q926A) has a similar on-target efficiency than 

the wild type (WT) Cas9 but nearly no off-target activity. Both improved Cas9s are not 

compatible with the truncated gRNA, because such a complex strongly reduces the 

binding energy between the target DNA and the gRNA/Cas9 complex and the 

interaction is not stable enough to induce the cleavage. 

Further detailed analysis of the two off-target improved Cas9s disproved the 

hypothesis that the mutations reduce the binding force of the Cas9 to the target DNA. 

In contrary, it has been discovered that both Cas9s interact with the same binding 

energy with the DNA as the WT Cas9 350. However, the mutated Cas9s are resting in 

the inactive state after gRNA/tDNA base pairing at the off-target position unable to 

undergo the conformational changes necessary to activate the nuclease domains HNH 

and RuvC. Moreover, with the increasing knowledge that the REC3 domain is 

responsible for the gRNA/tDNA base pair recognition and the induction of activating 

conformational change in the REC2 domain, a third off-target improved Cas9 has been 

developed. The so-called hyper accurate Cas9 (hypaCas9) has 4 substitutions in the 

REC3 domain increasing the threshold for the REC3 conformational change350. Its on-

target efficiency is comparable to the WT Cas9 and its off-target activity is even lower 

than the eSpCas9 and the Cas9-HF1. 
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One further Cas9 modification was discovered to enhance the specificity. The PAM 

recognition of the Cas9 to NGG is leaky and allows the binding to NGA with reduced 

frequency (Figure 13 B). The amino acid at position 1135 defines the binding to the 

third position of the PAM. A D1135E mutation significantly improved the binding to 

NGG and abolished the tolerance to the alternative PAM NGA375. This approach can be 

combined with the Cas9-HF to further optimise the specificity. 

(III) The off-target potential of TALEN or ZFN is much lower than for the CRISPR/Cas9 

system, because they act as a dimer, while the WT gRNA/Cas9 is active as a monomer. 

The Cas9 has two nuclease domains, RuvC and HNH, cutting the target and non-target 

strand, respectively335. Shortly after the discovery of the CRISPR/Cas9 system as a 

genome editing tool, Ran et al. created a Cas9 nickase (Cas9n), which only cut one of 

the DNA strands, or a dead Cas9 (dCas9), which is cleavage deficient347. The Cas9 D10A 

with a knock out of the RuvC domain is the most used one. The Cas9n can reduce the 

off-target activity of the CRISPR/Cas9 system, when used as a duplex strategy (Figure 

14 III-b). If the two gRNAs have target regions in close proximity, the two nicks 

induced by the Cas9n lead to a double strand break with an overhang and can be 

repaired as the WT Cas9 by NHEJ. For the efficient induction of indels the distance 

between the two protospacer should be between -4 and 20 nt347,376. Moreover, a 5’ 

overhang is much more prone to induce indels than a 3’ overhang. Therefore, the two 

Cas9n should be oriented tail-to-tail376. Depending on the target gene, the duplex 

Cas9n strategy can reduce the off-target to 0.1-1% with an on-target efficiency of 14-

91%, so that the specificity is 200-1500 fold increased347,377. This strategy is inefficient 

to induce large deletion by multiple target sites377. 

An alternative dimer strategy of the CRIPSR/Cas9 system uses the dCas9 fused to a 

FokI nuclease domain, similar to TALEN. The FokI/dCas9 can only induce a DSB, if the 

two FokI domains dimerise (Figure 14 E)378. The two target sites in the DNA should be 

optimally separated by 13-17 nt to allow a perfect dimerization of the FokI domains. 

The cleavage efficiency is slightly lower than the WT gRNA/Cas9 (3-40%), but the off-

target activity is decreased to 0.15%. This can be further reduced by 40% by the 

combination with a truncated gRNA379. 

(IV) Beside those major Cas9 variants, there are some new ideas to increase the target 

specificity, which have, however, not yet received much attention in the scientific 

community. There are two types of inducible Cas9. The intein-Cas9 is fused to the 

intein domain, which can be spliced of the Cas9 in the presents of 4-

hydroxytramoxifen (4-HT) and releases an active Cas9 (Figure 14 IV-b)380. The intein 

domain naturally also reacts with β-estradiol, but a simple point mutation abolished 

this interaction. Due to the fact that 4-HT has to be present to create the active Cas9, 

the exposure time of the active gRNA/Cas9 complex to the target genome is reduced 

giving a 25 fold higher specificity in long term experiments. However, the removal of 

4-HT cannot inactivate the gRNA/Cas9 complex, which will be active for several days 

until its natural degradation in the cell. The other inducible variant is the split-Cas9381. 

The Cas9 was split into two subunits, whereas the C-terminal part is fused to FK506 

binding protein 12 (FKBP) and the N-terminal domain combined with FKBP 

rapamycin binding domain (FRB). In the presence of rapamycin, the two subunits 

reunite to a fully functional Cas9 (Figure 14 IV-a). To prevent a background activity of 

spontaneously assembled split-Cas9, the two subunits are localized in different 

cellular compartments. The Cas9(N)-FRB is retained in the cytoplasm by a nuclease 

export signal (NES). In contrast, the Cas9(C)-FKBP contains two NLS inducing the 

transport in the nucleus. After dimerization, the split-Cas9 is localized in the nucleus, 



 

  Introduction 53 

because the two NLS are stronger than the NES. These approaches can be useful, if the 

gRNA/Cas9 sequence is constantly expressed in a stable cell line by, for example, by 

lentiviral vector delivery. 

Finally, there is the Cas9-DBD370. It has an attenuated PAM binding domain and is 

fused to a programmable DNA binding domain (DBD) from ZFN or TALEN. Their 

longer DNA recognition domains can provide an up to 150 fold higher specificity. 

However, this modification makes the CRISPR/Cas9 system less flexible and again 

dependent on protein engineering or complex cloning. It is not feasible for most of the 

applications. 

These above presented advanced CRISPR/Cas9 systems have all pros and cons and the perfect 

selection of one of those modifications also depends on the type of application. Personally, I prefer 

the modifications on the gRNA. They have a strong impact on the specificity and are easily and 

rapidly added to already validated CRISPR/Cas9 systems. I expect, that the optimised gRNA in 

combination with the WT Cas9 or Cas9 D1135E (improved PAM specificity) are suitable to 

provide a highly specific genome editing tool. 

 Detection of off targets 

For clinical application is the unbiased, highly sensitive detection of off-target sites very 

important. Before injecting modified cells into patients, it should be ensured that the off-target 

potential is as low as possible and that there is no risk of tumour development. Also in research 

applications, it can be of high interest to identify off targets to verify that the observed effect is 

due to on-target gene modifications and not an artefact based on an off-target effect. 

On-target and off-target activities rank from 3-91% to less than 0.1%, respectively377,378. While 

the on-target effects are usually very easily detected by T7 assay (see chapter II-2.2), the 

sensitivity of the T7 assay to detect off-target effects is often too low (1%)367. Therefore, highly 

sensitive and less biased methods need to be applied to reliably detect off targets in the whole 

target genome. In fundamental research or in proof of concept applications, targeted sequencing 

is often the primary choice. It depends on the prediction of the off-target regions based on a web 

tool and the amplification of the few most probable off-target sides363. The amplicons are either 

analysed by basic Sanger sequencing or by the more sensitive next generation sequencing (NGS). 

Those methods are biased, because they only screen a limited number of sites in the whole 

genome and do not give information on the entire integrity of the genome. Moreover, the PCR 

amplification is a potential source of error and could lead to an overestimation of off-target 

effects363. 

There are several methods available, which are not biased by off-target prediction software, and 

screen the whole genome, which are in detail compared in the several reviews363,364,367,370. Whole 

genome sequencing is the most accurate method. It simply analyses the whole genome in 

comparison to the wild type cell and can identify the smallest changes. Detected mutations can 

then be analysed for homologies with the gRNA to ensure that it is a real off-target site and not a 

sequencing mistake or a natural single nucleotide polymorphism (SNP). This method is perfectly 

suitable for the analysis of clonal cell populations but not for bulk analysis, because each cell needs 

to be analyse separately. Moreover, it cannot detect off-target sites, which are perfectly 

repaired367. The assessment of off-target sites independent of mutations can be done by ChIP-seq 

(chromatin immunoprecipitation and NGS). It uses the interaction of the Cas9 with the genome 

and co-precipitate the DNA by the Cas9. To be able to analyse the bound DNA region, usually the 
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dCas9 is used for the off-target detection. Nevertheless, this method tends to overestimate the 

number of off-target sites, because the Cas9 also binds to regions with low homologies, which 

cannot induce the conformational change to induce a DSB363. In contrast to that, there are two 

methods, which detect off targets based on the induced DSB. Integrase-deficient lentivirus 

integration identifies off targets by the integration of a lentiviral genome in a DSB based on NHEJ. 

However, the integration efficiency is relatively low so that the sensitivity of this method is only 

1% leading to the underestimation of the off-target potential363. GUIDE-Seq (genome-wide 

unbiased identification of DSB enable by sequencing) is highly sensitive (0.03 – 0.1%)364,382. It uses 

double stranded oligonucleotides (ODN) to captures DSB, which are subsequently analysed by 

deep sequencing. Another ODN based method is BLESS (break labelling enrichment on 

streptavidin and next generation sequencing). However, it only works on fixed cells limiting this 

method to one specific time point and so underestimates the amount of off targets370. In the fixed 

cells, the DSB are labelled by biotinylated ODN, which can be purified, enriched and sequenced. 

Those three methods based on DSB capture are biased by Cas9 independent DSB and require 

intensive analysis of all identified DSB to find homologies with the gRNA to distinguish off-target 

effects from natural DSB in the cell. Alternatively, the in vitro method Digenome-Seq is completely 

Cas9 dependent. Extracted genomes are subjected to the gRNA/Cas9 complex to fragment the 

genome. Those fragments are then analysed by NGS. Digenome-Seq has a high sensitivity of 0.1%, 

but overestimates off-target effects, because the chromatin condensation, which strongly 

interferes with the Cas9 binding, cannot be considered367. Recently, a more sensitive in vitro off-

target screening method has been described. CIRCLE-Seq (circularization for in vitro reporting at 

cleavage effect by sequencing) is based on extracted genomic DNA, which is sheared and 

subsequently circularized383. The circular DNA fragments are then subjected to the gRNA/Cas9 

complex linearizing DNA fragments containing on-target or off-target sides. Those linearized 

fragments are then PCR amplified after an adapter ligation and sequenced. This method is even 

more sensitive than GUIDE-Seq. Moreover, it was used to compare off-target activities in different 

individuals (2504 persons) and discovered in 50% of the individuals at least one unique variation 

and in general difference of 2.5% from one individual to another383. 

Finally, there are two less sensitive methods, which only identify a specific type of off-target 

effects. HTGTS (high throughput genomic translocation sequencing) detect translocations by 

catching the off-target DSB by the on-target DSB364. And transcription profiling recognizes 

phenotypically changed cells367.  

All those methods have certain disadvantages and most of them are also expensive and time 

consuming. Off-target analysis should be performed with those highly sensitive methods only in 

the final physiological target cells. For pre-screenings and tests, T7 assay analysis provides 

already a basis of information and safety for the most probable off-target sites, but is not sufficient 

to conclude about the safety of the CRISPR/Cas9 approach. For clinical application, for example 

adoptive cell therapy, a combination of CRICLE-seq to screen the individual patient for potential 

off-target site considering SNP and post Cas9/gRNA treatment analysis by GUIDE-Seq on patients 

cells considering chromatin condensation and epigenetic factors would be very accurate to 

estimate potential adverse effects.  

 Delivery of the CRIPSR/Cas9 system 

The CRISPR/Cas9 system is a very powerful and highly efficient genome editing tool. The 

strongest limitation is the efficiency of delivery of the Cas9/gRNA and, if required, donor DNA for 
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HR. The choice of the right delivery system depends on the target cell type, in vitro or in vivo 

applicability and desired time of expression. A large variety of different delivery tools has been 

adapted for the optimal CRISPR/Cas9 delivery in the past few years, ranging from classical 

transfection to more complex viral vector systems. In the following, an overview of the most 

commonly used delivery methods and some new advancements of these systems is given. 

In general, delivery strategies are divided in two groups: viral vector delivery and non-viral 

delivery. The non-viral delivery methods can then be further divided in two categories: chemical 

and mechanical. For both delivery methods, the Cas9 and gRNA can be transferred as either an 

expression plasmid, mRNA and gRNA, or as the mature ribonucleoprotein complex (RNP). Those 

non-viral deliveries have the advantages that they are rarely immunogenic and easy to scale up 

for large productions384. However, most of those methods are only specialized for in vitro 

applications of cell cultures or single cells (zygote, oocyte)385. Viral vectors are more suitable for 

systemic applications and can be optimized to cell or tissue tropism. They provide a prolonged 

Cas9/gRNA expression, which increases on-target efficiency, but also off-target effects. Moreover, 

the prolonged Cas9 expression in vivo can induce an immune response against the Cas9 protein, 

which leads to inflammation, tissue damage and the loss of transduced cells386,387. 

 Non-viral delivery 

The chemical methods include different types of transfection based on cationic lipids (lipofection) 

or polymer based nanoparticles384. Lipofection is mainly used to deliver expression plasmids. The 

cationic lipid interacts with its cationic head with the DNA and then self-assembles to a liposome 

by its hydrophobic tails. The liposome can penetrate the cell by endocytosis or 

micropinocytosis388. Lipofection is very efficient on some well-established cell lines, but has only 

a very low transfection efficiency on primary cells384. Moreover, it can induce a general 

inflammation and cytokine release in the cell culture. Extended research on lipid structure gives 

rise to a big variety of different lipid based transfection reagents, which are adapted to specific 

cell types and hard-to-transfect cells. So far, only one reagent has been shown to be efficient in in 

vivo delivery. Zuris et al. used RNAiMAX to deliver the RNP to the inner ear of mice and detected 

a 13% knock-out efficiency without tissue damage or immune cell infiltration389. A systemic 

application of lipid based systems is not possible because of the high interaction with serum 

proteins in the blood. Therefore, polymer based systems are theoretically more suitable. The 

polymers are positively charged to bind the DNA384. Furthermore, they act as a proton-buffer to 

cover the charge to cross the plasma membrane. The most common polymer is PEI 

(polyethylenimine), which is already used for decades to transfect cells. Over the time, it has been 

improved with several modifications, like PEGylation to increase the stability. Other modifications 

enhance the internalization (folate, Arg-GLy-Asp peptides, and galactose) or mediate receptor 

dependent entry (antibodies, sugar, peptides). A specific adaptation for the CRISPR/Cas9 system 

is the so-called nanoclews, which are DNA nanoparticle coated with PEI390. The DNA is partially 

complementary to the gRNA and can pack the RNP in the nanoparticle. But so far, this nanoclews 

are highly immunogenic. The problem with the administration of polymers is the bad 

biodegradability, which limits the usage in vivo. New nanomaterial, specially chosen for their high 

biodegradability, has been developed391. The amino-ester derived lipid-like nanoparticles can be 

digested by the esterase with a half-life of 24 h. After intra venous (iv) injection, it is cleared from 

the blood within 1 h and from the liver in 6-24 h without causing organ damage while still being 

efficient enough to transduce 18% of the cells in a xenograft tumour mouse model. The field of in 

vivo applicable nanoparticles is further advancing with ZAL (zwitterionic amino lipids) or iTOP 
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(induced transduction by osmocytosis and propane betaine)388.  Beside the addition of lipids or 

polymers to deliver the Cas9/gRNA, it is possible to directly modify the RNP complex itself. So-

called cell penetrating peptides (CPP) are known to be able to penetrate the plasma membrane392. 

They are short cationic peptides of less than 30 amino acids and have a high affinity to the lipid 

bilayer. Fused to a protein, CPPs can delivery proteins much bigger than themselves inside the 

cell. The Cas9 has been fused to a poly arginine (Cas9-mR9) and the gRNA has been complexed to 

a poly arginine peptide to be transferred to hard-to-transfect cells like embryonic stem cells385. 

Furthermore, the fusion of four further nuclear localisation signals of the simian virus 40 (SV40) 

to the N-terminus of the Cas9 (4x NLS-Cas9-2x NLS) also serves as a CPP393. It enhances the direct 

cell delivery ten-fold. This Cas9 has been tested in vivo for a local application in the brain of mice. 

Transfection efficiency was dose dependent. Nearly all different neural cell types were 

transfected, while astrocytes were not sensitive for the delivery. Systemic administration has not 

been tested. 

Contrary to those chemical transport systems are the mechanical delivery methods. Those are not 

based on charge interactions or endocytosis mechanisms. Basically, the plasma membrane is 

disrupted, so that small transient holes arise, through which the CRISPR/Cas9 approach can enter 

the cell. The most widely used method is electroporation. Exposure of the cells to high voltage 

induces the formation of transient holes, which allows the entry of negatively charged material 

into the cell388. Classically, expression plasmids are delivered by this method and enable a 

transgene expression for 3-4 days. However, with increasing knowledge of the off-target activity 

of the CRISPR/Cas9 system, the administration of the mature RNP is becoming more in focus. RNP 

delivery enables the same indel efficiency, but the shorter Cas9/gRNA expression (<24 h) in the 

cell decreases significantly the off-target effects358. Moreover, RNPs are less toxic than plasmids. 

Electroporation can be adapted to a lot of different cell types by adjusting the voltage and time of 

exposure. It has also been tested that, if the RNP is delivered for homologous recombination (HR), 

a sequential delivery of two electroporations (one for the RNP and one for the donor DNA) is more 

efficient394. The disadvantage is that the high voltage exposure can induce substantial cell death 

or phenotypical changes. To avoid the high voltage cell disruption, a new micro fluid device allows 

the creation of transient holes in the plasma membrane by nano silicon blades395. This device was 

especially designed to transfect hematopoietic stem cells (HSC) with a very high transfection 

efficiency of 70% without extensive cell death or changes of the phenotype or differentiation 

potential. Electroporation and the nano silicon blades are adapted to cell suspension delivery. For 

single cell delivery, like to zygotes or oocytes, it is more common to use microinjection385. It is 

mainly used for the creation of transgenic animals. Finally, hydrodynamic injection is the only 

mechanical delivery method for in vivo genome editing385. It is only used for small rodents and 

probably not applicable for bigger animals. During the hydrodynamic injections, a large volume 

of DNA suspension is rapidly administered in the tail vein. This induces liver damage and 

concomitant DNA uptake. It only allows the delivery to the liver with an efficiency of 5-27% of 

indels or 1/250 cells for HR. However, the hydrodynamic injection is very rough on the animal and 

might not be the optimal delivery method in vivo. Viral delivery methods are gentler for the 

animals. 

 Viral delivery 

Viral delivery in general is a delivery method, which gives rise to a prolonged transgene 

expression. There are three major viral vector systems: Adenoviral vectors (AV), Adeno-

associated viral vectors (AAV) and lentiviral vectors (LV). Adenoviral vectors originate from the 
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Adenovirus, a linear dsDNA virus. It can deliver the transgene to dividing and non-dividing cells 

without integrating into the host genome390. Its package capacity is relatively large (~ 8 kb) and 

allows the delivery of the Cas9 and the gRNA, or a donor DNA for HR. AV delivery has been tested 

in vivo for the local muscular application in a mouse model of muscle dystrophy. Problematic is 

that AVs are immunogenic and can cause severe inflammation in vivo leading to the destruction 

of the transduced cells386. In contrast, AAV are nearly not immunogenic388. They are small non-

enveloped particles with a high infection rate and low oncological risk. The different serotypes of 

AAVs allow a broad tissue tropism: muscles (serotype 9)396, brain (serotype 1/2)385, liver 

(serotype 2/8)397 or systemic (serotype 5)398. The biggest disadvantage is the small transgene 

packing capacity of maximal 4.7 kb388. This limits the applicability of the CRISPR/Cas9 system 

dramatically to either dual vector systems, alternative Cas9 orthologues or combinational 

approach with chemical delivery. First applied was a dual AAV system with gRNA and Cas9 in two 

separated vectors each with a high transduction efficiency of 90 % and 95 %, respectively398. Later 

on, Chew et al. developed a split Cas9387. Each subunit can then be delivered by an AAV and leaves 

enough space for a reporter gene and the gRNA. More detailed analysis of the different Cas9 

orthologues revealed the Cas9 of the Staphylococcus aureus (SaCas9) as highly efficient, while it is 

much smaller than the commonly used SpCas9399. The SaCas9 is optimal for the usage of AAV 

delivery, because it enables the co-delivery with one gRNA in the same vector. For HR, the AAV 

delivery has been tested in combination with lipofection in vivo397. The AAV was used to deliver 

the gRNA and the donor DNA, while the Cas9 was transfected by C12-200. The so-called nano.Cas9 

particles are stable for 18 days and enable an expression of the Cas9 for 4-14 h after iv injection. 

The delivery of the Cas9 by nanoparticles and the shortened Cas9 expression reduced off-target 

risks, while still inducing 6.2 % gene correction in hepatocytes with the AAV delivered gRNA and 

donor DNA.   

Finally, lentiviral vectors (LV) are commonly used for transgene delivery in vivo or to generate 

stable cell lines. Due to its origin from retroviruses, it integrates its genome and transgene in the 

host genome and induces a stable transgene expression. This feature has the disadvantage that 

the integration is not directed and can occur everywhere in the host genome. Consequently, LV 

can be carcinogenic390. LVs are produced from three plasmids: two helper plasmids coding for the 

gag/pol/rev (capsid proteins, reverse transcriptase/integrase and regulatory protein for nuclear 

export and packing) and the surface glycoproteins, and one lentiviral vector backbone plasmid 

containing the long terminal repeats (for integration) and the transgene. This last plasmid has a 

packing capacity of max. 10 kb transgene leading to a very large plasmid388. During the production 

of the LV it can be sensitive to recombination, if the transgene contains repetitive regions. That is 

in particular a problem for the multiplex strategy with several gRNAs. Modification of the helper 

plasmid can broaden the cell tropism and give rise to the several LV pseudotypes400. Most 

commonly used is the VSV-G pseudotype, which expresses the glycoprotein of the vesicular 

stomatitis virus (VSV) at the surface. It has a very general and broad cell tropism, but is less 

efficient for myeloid cell types. The usage of the hemagglutinin (H) and the fusion protein (F) of 

the measles virus increases the transduction efficiency of HSC. Furthermore, the mutation of the 

H protein, responsible for cell attachment, and fusion to a cytokine domain401 or single chain 

antibody domain400,402,403, specifies the cell tropism of the LV to different surface molecules, for 

example: CD4, CD8, CD133 (HSC) and a lot more. A relatively new LV pseudotype is based on the 

nipah virus G-protein and F-protein404. It transduced ephrin-B2 positive cells, but has a relatively 

low transduction efficiency for endothelial cells and HSC, which makes it ideal for in vivo 

applications. The LV particle will not be used up by the endothelial cells so that they reach their 



 

  Introduction 58 

target organ in higher quantity and have no potential dangerous side effects on HSC. Taken 

together, LVs represent a very suitable and adaptable delivery system. Even for the problematic 

integration, there is an integrase deficient LV (IDLV), which has all the advantages of the LV, but 

does not interfere with the integrity of the host genome405. It has the same transduction efficiency 

as the WT LV, but less off-target effects, because the transgene expression time is limited. Even if 

a DSB is induced by the CRISPR/Cas9 system, the integration potential of IDLV in the host genome 

is not increased (0.8%). Another way to decrease off-target effects is the so-called SLiCES (self-

limiting Cas9 circuit for enhanced safety and specificity)406. It is a CRISPR/Cas9 system consisting 

of the Cas9, the target gRNA and a gRNA anti-Cas9. After lentiviral transduction, it allows an active 

Cas9 expression for two days, which is usually enough to achieve a high gene editing efficiency. 

The self-targeting gRNA prevents prolonged Cas9 expression and subsequently off-target activity. 

This system is ideal for in vivo genome editing, because it uses the high efficiency of LV delivery 

and limits its activity to a timeframe comparable to non-viral delivery systems. 

Beside these well-established viral vectors, there are some new vectors developed. The 

baculoviral vector, originates from a dsDNA virus and has the big advantage of a very high packing 

capacity of up to 38 kb407. It is non-integrative and has a delivery efficiency of 18-100% depending 

on the cell type. A very different type of viral delivery is the sendaiviral vector (SeV)408. The Sendai 

virus is a RNA virus of the family of Paramyxoviridae. It delivers only RNA to the cell, which 

eliminates the unwanted and potentially carcinogenic integration of the transgene/vector in the 

host genome. The SeV allows the co-delivery of the Cas9-P2A-GFP and the gRNA in a single vector. 

Furthermore, it is very efficient to transduce myeloid, hard-to-transfect cells, like monocytes (up 

to 99%). 

 Transgene organization of plasmid and viral vector delivery 

All the above introduced delivery methods have their advantages and disadvantages as well as 

some limitations, like cell tropism, toxicity, large scale production (especially for the viral vectors) 

and packing capacity. A standard expression plasmid has no real precise transgene limit, but it is 

commonly known that large constructs are produced in lower quantities and are less efficiently 

transferred to cells. Viral vectors are more sensitive to a specific limit of packing capacity to 

maintain their genome and particle structure and allow high titre productions. For these reasons, 

several advances have been made to improve the gene and promoter organisation of the 

CRISPR/Cas9 system. Basically, the Cas9 is regulated by a highly active RNA polymerase II 

promoter (commonly CMV or SFFV) and the gRNAs are transcripts from a RNA polymerase III 

promoter to avoid poly-A tailing and potential splicing mechanisms409. The first multiplex 

approach contained individual promoters for each gRNA. Kadabi et al. verified the efficiency of 

four different promoters for gRNA expression (human and murinU6, 7SK and UbC). Problematic 

for the multi-promoter system is the large final construct, which limits the delivery efficiency. To 

minimize the size of one gRNA cassette, Mefferd et al. proposed a small tRNA promoter system 

(70 bp promoter and 101 bp tRNA-gRNA transcript)410. He used an original viral mechanism, 

where a tRNA was excised from a transcript by the tRNAseZ. Fusing the tRNA and gRNA sequences 

together led to a transcript, which was processed by the cellular tRNAseZ and released a 

functional gRNA and tRNA. The efficiency depends on the tRNA (best: GLN, GLY, GLU, PRO) and 

the protospacer sequence of the gRNA (avoid high C:G contents). An alternative approach has 

been developed by Yoshioka et al., which used a mono-promoter system to express several gRNA 

and the Cas9411. To allow the gRNA expression from a RNA polymerase II promoter, as required 

for the Cas9 expression, the gRNA has to be excised out of the transcript. Therefore, Yoshika 
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flanked the gRNA sequence by self-cleaving ribozymes (RGR), which released a full functional 

gRNA. The fusion of the Cas9 sequence to an IRES (internal ribosome entry site) allowed the 

expression of the Cas9 for the same construct as the gRNAs. Those optimisations of the gene 

structure of the Cas9/gRNA are very helpful to create an efficient viral vector, with a smaller size 

to allow a high titre production. 

The choice of the correct delivery system for the CRISPR/Cas9 system depends on the type of 

application. To test if a given gRNA achieves a knock-out or knock-in in a cell line (proof-of-

principle), non-viral delivery methods are usually chosen. They are cheap and rapidly 

constructed. For primary cells, the right choice of delivery is more difficult. Most chemical 

transfection reagents are not efficient enough or have toxic side effects. Electroporation is the 

better choice in that case. Low toxic and highly efficient conditions can be found with some effort. 

The new micro fluid device with nano silicon blades is an interesting alternative. For in vivo 

delivery, viral delivery systems are the most efficient. The choice in this case depend on the 

desired target tissue, the Cas9 orthologue and the desired time of Cas9/gRNA expression.  

 Cas9 variants and orthologues 

 Cas9 variants 

Since the adaptation of the CRISPR/Cas9 system to a genome editing tool, several modified Cas9 

proteins have been designed to increase the specificity, alter the target sequence, improve the 

delivery or change the function. All these Cas9 variants have been summarized in Table 1: Cas9 

variants. Most of these modifications are done with the SpCas9, but some exceptions are 

highlighted in the Table 1. Cas9s for improved target specificity (eSpCas9, Cas9-HF, inducible split 

Cas9, Cas9n, Cas9-FokI) or smaller Cas9 variants for more efficient delivery (split Cas9) have been 

discussed in more detail in the previous two chapters (II-2.3.1 off target and II-2.4 delivery). Here, 

I focus on the advanced function of the CRISPR/Cas9 system by Cas9 fusion proteins. 

Early after discovery of the genome editing tool CRISPR/Cas9, Jinek et al. discovered that two 

substitutions in the nuclease domains (D10A= RuvC, H840A=HNH) lead to a nuclease deficient 

Cas9335. Further on, this inactive Cas9 was termed dead Cas9 (dCas9) and is the origin of all the 

Cas9-fusion variants, because the dCas9 has the possibility to guide fused effector proteins to a 

site-specific target sequence. This feature has been widely used for gene regulation systems. 

Firstly, the dCas9 itself downregulates the expression of a target region by sterical blockage of 

transcription factor (TF)  binding and the initiation of transcription or by the abortion of 

elongation412. This feature is called CRISPR interference (CRISPRi) and leads to similar effects as 

RNA interference (RNAi)413. While CRISPRi regulates the gene expression at the transcriptional 

level, RNAi targets the mRNA transcripts and prevents the translation. As for RNAi, the inhibition 

by the dCas9 alone only reduces the gene expression, but does not result in a full blockage. 

Therefore, the dCas9 was fused to the Krüppel-associate box (KRAB), a well-known repressor414. 

If the dCas9-KRAB fusion is guided by a site-specific gRNA to an enhancer or a promoter region, it 

silences the concomitant gene expression. dCas9-KRAB is a much larger complex and can prevent 

even more efficient the TF binding to the enhancer/promoter sites. Moreover, it induces the 

methylation of the target region by recruiting the methyltransferase SEDBD1. Finally, the 

chromatin accessibility is decreased in a region of around 25 kb, enabling the inhibition of whole 

gene complexes. Off-target methylations can be detected in proximal regions, but the total 

transcription is only target-site-specifically downregulated. A more precise gene regulation can 
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be achieved by the dCas9 fusion to a methyltransferase. The first one was dCas9-DNMT3a, which 

enables the methylation of a much smaller range of 150 bp compared to the dCas9-KRAB415. 

However, the methylation of the target region took up to 7 days to reach its maximum. Two further 

dCas9-methyltransferases have been developed and induced a more site-specific methylation. 

The dCas9-MC/MN is a split version of  a methyltransferase (MT) originating from E.coli, which 

was earlier used for the fusion to TAL416. One of the MT subunits is fused to the C-terminus of the 

Cas9 (MC), while the second subunit (MN) is unbound. The co-expression of both subunits is 

necessary to gain a site-specific methylation. The binding of the dCas9 to the target region induces 

a conformational change and enables the dimerization of MC/MN to a functional MT. This mature 

complex methylates site-specifically the target gene at a methylation signal 8-20 nt downstream 

of the PAM. The dCas9-MQ1 is an already active MT415. A substitution Q147L in the MT reduces 

off-target methylation of nearby sequences leading to a significantly smaller methylation range of 

30 bp. Moreover, the dCas9-MQ1 is much faster than the dCas9-DNMT3a and reaches its maximal 

methylation already 24 h after transfection. All three dCas9-MT can be used for gene regulation 

studies and the influence on cell differentiation and early development of a foetus (mouse). 

Beside gene repression, the CRISPR/Cas9 system can also be used as a TF for gene activation. 

Therefore, the dCas9 is fused to several copies of the activator protein 16 of the Herpes virus 

simplex (VP16)417. More copies of the VP16 induce a stronger activation. Commonly used is the 

dCas9-VP64412,418 with 4 copies of the VP16, but up to 12 copies have been tested417. The 

programmed site-specific gene activation can be used for controlled cell differentiation or induced 

pluripotent stem cell (iPSC) generation. For better regulation of this system, Balboa et al. 

developed a chemically inducible system, where the dCas9 was fused to VP48 and a 

destabilization domain (dihydrofolate reductase derived destabilization domain = DD). The DD-

dCas9-VP48 depends on the presence of Trimethoprim (TMP). In combination with the commonly 

used TetON system he created an elegant two-step differentiation system to generate pancreatic 

progenitor cells. Even stronger transactivation can be achieved by the dCas9-VPR which not only 

contains the VP64 but also 2 additional transcription activators (p65 and EBV R). Alternatively, 

the dCas9-p300 can acetylate the histone 3 and increases gene expression similar efficiently as 

the dCas9-VPR419. 

Finally, that dCas9 can be used for genome loci imaging. Firstly used was the dCas9-GFP fusion 

protein to detect repetitive regions with one gRNA in the human genome, like telomers420,421. To 

gain a clear signal of a genome loci at least 36 dCas9-GFP proteins need to be bind to the target 

region. Consequently, a multiplex design of at least 36 gRNA to target non-repetitive genome 

regions is required. The disadvantage compared to the dCas9-GFP is the limit to only one locus at 

the same time and the fixation to GFP. Later on, the development of dCas9-HALO broadened the 

possibilities422. HALO is an adaptor domain for a specific type of fluorochromes, which can be 

assembled in vitro, opening opportunities for multicolour applications with different dCas9-

HALO/gRNA complexes for different gene loci. The authors promoted their discovery CASFISH 

(Cas9-mediated fluorescence in situ hybridization) as a cheaper and faster variant of the 

commonly used FISH technique. The genome loci imaging CRISPR/Cas9 approaches can be used 

for the analysis of telomere length, telomere and chromosome dynamics by live cell imaging or 

the detection of gene organizations. 
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Table 1: Cas9 variants 

NAME FEATURE MODIFICATION EFFECT/USAGE 

Cas9  Alternative PAM Substitutions Higher variability for 

target sequence in 

human genome VQR NGAN / NGCG D1135V/R1335Q/T1337R 

EQR NGAG D1135E/R1335Q/T1337R 

VRER NGGG D1135V/G1218R/R1335E/T1337R 

SpCas9-HF1 Reduced interaction 

with Cas9 and target 

strand 

N497A/R661A/Q695A/Q926A Less off target 

SpCas9-HF2 Increased PAM 

specificity to NGG  

D1135E Less off target 

eSpCas9 1.0 Attenuation of 

helicase function, 

reduced interaction 

with Cas9 and non-

target strand 

K810A/K1003A/R1060A Less off target 

1.1 K848A/K1003A/R1060A 

Cas9-pDBD More stringent DNA 

binding by Cas9 

Attenuated PAM interaction domain 

Fused to DNA binding domain 

(ZFN; TAL…) 

Less off target, 

Independency of PAM 

Split-Cas9 Two subunits of 

Cas9  

Split Cas9 in subunits and fused the 

subunit the intein 

Better delivery of small 

subunits by AAV 

Split-Cas9 Rapamycin 

dependent assembly 

Split Cas9 in subunits and fused to 

FKBP and FRB 

Regulation of Cas9 

activity reduce off target 

dCas9-FokI DSB Fused to Fok-I endonuclease domain 

(functional as dimer) 

Less off target  

Cas9n (nickase) Single strand break 

= nick 

Cas9-D10A: RuvC deficicent 

Cas9-H840A : HNH deficient 

Reduce off target effects 

(50-1500x) 

dCas9 CRISPRinterference Substitution D10A and H840A 

(nuclease deficient) 

Gene downregulations 

(1000x) 

dCas9-KRAB Repressive histone 

modifications of 

enhancer and 

promotor 

Fused to Krüppel-associated-box Gene downregulation 

dCas9-DNMT3a Programmed 

methylation 

 

Fused to catalytic domain of 

DNMT3a methyltransferase 

Gene regulation, 

differentiation and early 

development regulation 

 
dCas9-MC /MN Fused to split subunit of 

methyltransferase and co-delivery of 

second subunit of methyltransferase 

dCas9-MQ1, 

dCas9-MQ1 

(Q147L) 

Fused to MQ methyltransferase 

Q147L substitution for less off target 

dCas9-VP16x 

VP48 

VP64 

VP96 

VP192 

Transcriptional 

activation 

Fused to HSV protein 16 domain 

(3x, 6x or 12x) 

Gene activation 

iPSC generation 

DDdCas9-VP48 Inducible 

transcriptional 

activation 

Fused to 4x HSV protein 16 domain 

Fused to DHFR-DD (dihyrdofolate 

reductase derived destabilization 

domain) 

Controlled cell 

differentiation 

(example: pancreatic 

progenitor cells) 

dCas9-VPR Transcriptional 

activation 

Fused to 4x HSV protein 16 domain, 

p65 (NF-κB trans-activating subunit) 

and EBV R trans-activator 

Strong gene 

transactivation, HIV 

reactivation 

dCas9-p300 Histone 3 

actetylation = 

Transcriptional 

activation 

Fused to p300 histon 

acetyltransferase 

Strong gene 

transactivation, HIV 

reactivation 
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dCas9-GFP Genome loci 

imaging 

Fused to GFP Gene copy number 

detection, Telomer 

length analysis, Telomer 

and chromosome 

dynamics (time laps), 

Organisation of genes 

dCas9-HALO CASFISH (Cas9-

mediated 

fluorescence in situ 

hybridization) 

Fused to adapterdomain HALO to 

couple fluorescence adapter 

Multicolour gene 

localisation 

NmdCas9-LSD1 Downregulation 

proximal enhancers 

Fused to LSD1(histon-demethylase) Gene regulation 

SaCas9n Single strand break 

= nick 

Cas9-D10A: RuvC deficient 

Cas9-N580A : HNH deficient 

Reduce off target effects 

(50-1500x) 

SaCas9 KKH Alternative PAM: 

NNNRRT 

E782K/N968R/R1015H More target sites 

available 

 Cas9 orthologues 

The first Cas9 developed for genome editing originates from the bacterium Streptococcus 

pyogenes335. However, over 40% of all bacteria and 90% of all archaea have a CRISPR defence 

system336. Considering the feasibility of the system for genome editing, only the CRISPR type II 

subtypes are adaptable to genome editing, since they consist of only one nuclease and a RNA 

duplex339. Other systems contain large multiprotein complexes and complex processing of the 

RNA components. Advanced search on bacterial genomes discovered further CRISPR/Cas9 

systems. They are listed in Table 2. Some of the new Cas9 orthologues were adapted to a genome 

editing tool, while other cannot be adapted to mammalian cells or are not efficient enough. The 

main principle of genome editing for all Cas9 orthologues is the same. The gRNA leads the Cas9 to 

the target region to induce a DSB 3 bp upstream of the PAM, which is repaired by host DNA repair 

mechanisms.  

Most promising and best accepted in the scientific community is the Cas9 orthologues from the 

bacterium Staphylococcus aureus (SaCas9). It is much smaller than the commonly used SpCas9, 

but has characteristics similar to the SpCas9 i.e. a 21-23 nt protospacer target sequence, a 7-8 nt 

long seed sequence, but a more complex PAM (NNGRRT)423. In comparison to several other Cas9 

orthologues, Ran et al. described this one as the only Cas9 with comparable on-target activity to 

the SpCas9. The features (small size, high activity) made the SaCas9 very interesting for in vivo 

applications (several times used in mouse models by AAV delivery). A couple of improvements 

used for the SpCas9 are now also available for the SaCas9, like nickase424, alternative PAM425 or 

split SaCas9. Also, the usage of truncated gRNA to minimal 19 nt to improve the off-target activity 

is possible with the SaCas9. Several web tools already included the SaCas9 for gRNA design, too. 

Another Cas9 orthologue studied in great detail, originates from the Streptococcus 

thermophilus426. The first step to understand the CRISPR locus as a defence system has been made 

in this bacterium343. It actually has two CRISPR/Cas9 systems, St1Cas9 and St3Cas9427. Both have 

been tested for human genome editing and the St3Cas9 was found to be as efficient as the SpCas9, 

while the St1Cas9 was much less active. However, both StCas9s show much lower off-target 

activity due to their longer PAM NNAGAAW and GGG/NGGNG for the St1Cas9 and St3Cas9, 

respectively. 

The NmCas9 (Neisseria meningitis) has also been tested for genome editing with similar results as 

the StCas9428. In comparison to the SpCas9, it has a slightly lower on-target efficiency, while it has 

also a reduced off-target activity. This does not make the NmCas9 the perfect candidate for 
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genome editing, but the discovery of a natural inhibitor of the NmCas9 by three proteins provides 

the opportunity of a tuneable CRISPR/Cas9 system without protein engineering, important for 

long term Cas9/gRNA expression429. 

Two further Cas9 proteins are worth mentioning. The CjCa9 (Camplyobacter jejuni) is the smallest 

Cas9 found so far430. Surprisingly, it has a comparable on-target efficiency with SpCas9 and SaCas9 

but the lowest off-target potential. It has been successfully tested in vivo by AAV delivery in the 

muscle or the retina by local injection. It was only published in the beginning of this year and I 

think, it has the highest potential to become the new routinely used Cas9. It is especially suitable 

for therapeutic applications, since it has better features for delivery and off-target activity than 

the SpCas9 and SaCas9 and no new disadvantages. Finally, the Cas9 from the bacterium Francisella 

novicidea (FnCas9) is interesting, because it targets not only dsDNA but also mRNA429. The target 

specificity is regulated by two different types of crRNAs (crRNA and small crRNA). 

However, even in this bacterium there was another subtype of CRISPR type II found. The Cpf1 

belongs to the CRISPR type II but subtype V (distinct from the Cas9 subtype II)431. It is a two-

component system of the Cpf1 nuclease and the crRNA. It does not require a tracrRNA as the 

original Cas9. Cpf1 has only one endonuclease domain (RuvC) and induces a DSB with a 5 nt 5’ 

overhang. Furthermore, its target region is differently arranged than the one of the Cas9. Cpf1 

detects a PAM (TTN, YTN) at the 5’ end of the protospacer of 23-25 nt, which only has a small seed 

sequence of 5-8 nt, but is also highly sensitive to mismatches at the cleavage positions 18 to 23 

proximal of the PAM. Additionally, Cpf1 has an endoribonuclease domain and processes the crRNA 

itself without further RNases432. In the context of genome editing, this is ideal for multiplex 

application, because it excises the crRNA simply from a transcript without the need of multi-

promoter systems or ribozyme flanked gRNA. Variable numbers of crRNA can be fused together 

in one transcript433. The FnCpf1 does not have any activity in human cells, but two Cpf1 orthologue 

have been found and adapted to human cells: AsCpf1 (Aciddaminicoccus sp) and LbCpf1 

(Lachnospiraceae bacterium)431. They have a lower overall on-target but also off-target activity 

than the SpCas9. However, the creation of a 5’ overhang is ideal for application with HR. 
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Table 2: Cas9 orthologues 

 Origin Size PAM Alternative 

PAM 

Protospacer Seed 

sequence 

DSB On target  Off 

target Type Position 

SpCas9 Streptococcus 

pyogenes 

1368 aa NGG NGA 

NAG 

20 nt  

min. 18 nt 

8-10 nt Blunt end  3’ upstream 

PAM 

++++ SpCas9 

SaCas9 Staphylococcus 

aureus 

1053 aa NNGRRT NNGRR 21-23 nt 

min.19 nt 

7-8 nt  Blunt end 3’ upstream 

PAM 

++++ SaCas9 

NmCas9 Neisseria meningitis 1083 aa NNNGATT NNNGCTT 24 nt 9 nt  Blunt end 3’ upstream 

PAM 

++ NmCas9 

St1Cas9 Streptococcus 

thermophiles 

1121 aa NNAGAAW  20 nt 

min. 18 

5 nt  Blunt end  ++ St1Cas9 

St3Cas9 Streptococcus 

thermophiles 

 GGG 

NGGNG 

 20 nt 

min. 18 

 Blunt end  ++++ St3Cas9 

CjCas9 Cymplyobacter jejuni 984 aa NNNNACAC 

 

NNNNRYAC 22 nt 

min. 20 

   ++++ CjCas9 

FnCas9 Franciselle novicida 1629 aa NGG    DNA: 

blunt end, 

ssRNA 

 +/- FnCas9 

Cas9 Streptococcus 

pasteurious 

1130aa NNGTGA      + Cas9 

Cas9 Neisseria cinereae 1083 aa NNNNGTA      + Cas9 

Cas9 Camplyobacter lori 1003 aa NNGGG      + Cas9 

Cas9 Parvibaculum 

lavenentiourous 

1037 aa NNNNCATN      + Cas9 

Cas9 Corynebacterium 

diphtheria 

1084 aa NGG      + Cas9 

Cpf1 

=Cas12a 

Franciselle novicida  TTN, YTN 

(5’ end of 

protospacer, 

non-target 

strand) 

CTA 23-25 nt 5-8 nt,  

(Position 

18-24 nt)  

5’ 

overhang  

 

 

18 (non-target 

strand) and 23 

(target strand) 

downstream 

PAM 

- 

(Mammalian 

cells) 

Cpf1 

=Cas12a 

AsCpf1 Aciddaminicoccus sp    ++ AsCpf1 

LbCpf1 Lachnospiraceae 

bacterium 

   ++ LbCpf1 

aa= amino acid, R = Purin, Y=pyrimidin, nt= nucleotides, min. =minimal, PAM = protospacer adjacent motif
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 Applications of the CRISPR/Cas9 system for human diseases 

Over the previous chapters, the broad variability, high efficiency and specificity of the 

CRISPR/Cas9 system has been illustrated. Its easy feasibility to different targets and cell types, 

and the fast and cost-efficient design makes this system ideal for the application to cure or 

alleviate human diseases, including genetic disorders, acquired protein expression deficiencies 

and infectious diseases. Even only after 5 years of the discovery of the CRISPR/Cas9 system a huge 

variety of human diseases have been targeted by this multifunctional genome editing tool. The 

basic strategies to apply the CRISPR/Cas9 system can be classified in 4 major categories: gene 

disruption, gene correction by NHEJ, gene correction by HDR and gene addition by HDR (Figure 

15)333. 

Gene disruption is the classical usage of a genome editing tool. It has been used over decades with 

ZFN and TALEN to create knock-out animals to study gene functions and generate rodent models 

for human diseases. However, some hereditary human diseases are based on malfunctioning and 

toxic proteins expressed from mutated genes434. One example is the neurodegenerative disorder, 

Huntington’s disease. In the patient’s brain, toxic aggregates of the mutated huntingtin (HTT) 

disturb the cellular function and lead to the classical defect of motor function. The HTT gene has 

an insertion of several repeats of CAG leading to a poly-glutamine in the HTT and a dysfunctional 

protein. The frame-shift mutation induced by the Cas9/gRNA targeting the CAG repeats 

downregulates the mutated HTT expression435. This decreases the accumulation of toxic 

aggregates in the brain and alleviates the motor function.  

Another approach based on gene disruption is based on knock-out of the PD1 expression on 

cancer-specific T-cells to prevent the inhibition of the T cells by the immunosuppressive tumour 

microenvironment. A Chinese group, led by Lu You, started the first clinical trial based on the 

CRISPR/Cas9 system with those Cas9/gRNA modified T cells in the end of 2016436. 
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Figure 15: Types of genome editing for therapeutic applications: A) DSB repaired by NHEJ and the introduction 
of small indels can lead to a knock-out of the target gene or a non-functional truncated protein expression. 
These induced loss-of-function mutations are applicable to diseases based on toxic protein intermediated from 
mutated genes. B) The multiplex CRIPSR/Cas9 strategy targeting multiple sites of a mutated gene can remove 
malfunctioning genes or the mutated gene regions leading to the loss-of-function or non-toxic truncated 
protein intermediates. C) The multiplex CRISPR/Cas9 strategy combined with donor DNA can be used to 
exchange mutated genes with the WT sequence and to restore the normal WT protein expression. D) Similarly, 
the multiplex strategy can be used with a donor DNA to safely insert the WT gene at a safe harbours locus in the 
host. Figure from: Turitz Cox et al. 2015; Nat Med. 

Gene correction by NHEJ is based on a multiplex gRNA/Cas9 approach to excise partially or 

completely a malfunctioned gene. This is one of the strategies, which can be applied to alleviate 

the Duchenne muscular dystrophy (DMD)434. It is a degenerative muscular disease based on a 

frameshift mutation induced by intragenic deletions of one or more exons leading to a dystrophin 

deficiency. The large excision of the mutated part of the gene (from the intron in front of exon 45 

till the intron after exon 55) leads to a truncated but partly functional dystrophin expression. It 

changes the phenotype of the disease to the less severe Becker muscular dystrophy. This has been 

successfully tested in the mdx mouse model (SpCas9 knock-in and gRNA delivery by local 

muscular electroporation)437.  
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Gene correction by HDR is a more classical approach. It aims to restore the original gene by 

replacing the mutated region with the WT sequence333. This strategy has been tested to cure β-

thalassemia, sickle cell disease (SCD) and hereditary tyrosinemia type I (HT1)434,438. SCD and HT1 

both are based on a single base pair substitution. Using the CRISPR/Cas9 system to induce a DSB 

close to the mutations and providing a donor temple can restore the WT gene. If the gRNA targets 

directly the mutations, it can be even applied to heterozygote genotypes without the danger of 

disrupting the WT gene. The treatment of HT1 is validated in a fah-/- mouse model, carrying a 

substitution in the gene for the fumarylacetoacetate hydrolase (FAH). Its deficiency causes the 

accumulation of toxic metabolites of the tyrosine catabolism in the liver. The CRISPR/Cas9 system 

delivered by AAV was able to significantly reduce liver damage and partially reinstate FAH 

expression397. 

Finally, gene addition by HDR can insert a WT gene to overcome a gene knock-out or increase the 

expression of a missregulated gene under a different promoter control. This is used for an 

innovative idea to treat high-fat diet induced diabetes. Yue et al. inserted the GLP-1 (glucagon-

like-peptide 1) in skin epidermal progenitor cells439. Tested with mouse keratinocytes, he created 

a skin graft containing the GLP-1 expressing cells on an acelluarized mouse dermis and engrafted 

obese mice. The rise of GLP-1 in the serum of the engrafted mice led to an increased insulin 

production and the prevention of weight gain under high-fat diet. Importantly, the uncontrolled 

gene integration in a genome can be carcinogenic by influencing proto-oncogenes. Therefore, the 

insertion should be directed in safe harbours333. These are genetic locations with low or non-

oncogenic potential for gene integration.  Alternatively, only several exons can be inserted or can 

replace a mutated gene region. This is the second approach to cure DMD434. The deletion of exon 

44 can be restored by inducing a DSB in exon 45 and inserting the WT sequence of exon 44. This 

could be achieved so far in iPSC with an efficiency of up to 75%440. 

The efficiency of the different treatment strategies depend on several factors: the efficiency of the 

gRNA, the delivery system, the type of genome editing (NHEJ>HDR) and the fitness of the cells333. 

Most of those factors has been discussed in the previous chapters, beside the fitness of the 

modified cells. For example, if a CRISPR-induced modification gives rise to a better fitness in the 

organism, it will overgrow the unmodified cells. In this case, the delivery and modification 

efficiency do not need to be very high. This is the case for HT1, where the modified hepatocytes 

have a survival advantage over fah-/- cells, because they do not acquire toxic metabolites397. In 

contrast, if the CRIPSR-modified cells have no survival advantage, they expand parallel to the 

unmodified cells. Depending on the disease, a higher number of modified cells is needed to ensure 

an alleviating effect. A typical example is haemophilia B, a clotting factor IX deficiency.  The 

restoration of only 1% of factor IX expression improves strongly the clinical condition of the 

patient333. Finally, if the CRISPR-modified cells have a growth or survival disadvantage, then the 

CRISPR/Cas9 system needs to edit 100% of the target cells. This is the case for tumour cells to 

restore the transformations or the immunosuppressive action. Targeted cells will die or be 

removed by the immune system, while unmodified cells can proliferate uncontrolled. 

As discussed here, the CRISPR/Cas9 system can be a potentially very efficient tool to improve 

human diseases. The most common application is in hereditary disorders with protein 

deficiencies or malfunctioning proteins. However, it can be also applied to infectious disease, 

which is of special interest in this thesis. Applications and strategies are discussed in more details 

in the next chapter (II-2.6.1). 



 

  Introduction 68 

 The CRIPSR/Cas9 system as an antiviral strategy 

There are several viruses, which can cause chronic and persistent infections in humans. Usually, 

these viral infections cannot be cleared by actual anti-viral chemotherapy, because the viral 

genome rests as a very stable circular intermediate in the nucleus or even integrates in the host 

genome. The usage of a genome editing tool can assess this persistent viral reservoir and destroy 

or silence the viral genome. The main targets are viruses, which have a dsDNA viral genome stage 

during their viral replication cycle (like HIV, HBV, Herpesviruses, HPV and JC), because the 

Cas9/gRNA is specialized to targeted DNA.  

2.6.1.1 HIV 

The human immunodeficiency virus (HIV) causes the acquired immune deficiency syndrome 

(AIDS) by infecting and destroying CD4+ T cells. After infection, it integrates into the human 

genome and persists lifelong in the host. The main reservoir of HIV are CD4+ memory T cells, 

which are located all over the body (blood, brain, lymph tissue, gastrointestinal tract and more)441. 

Standard highly active anti-retroviral therapy (HAART) can only control active replicating virus, 

but cannot disrupt the latent reservoir. Therefore, targeting HIV with a genome editing tool could 

assess the integrated provirus and potentially clear the infection. This has been already tried with 

previous genome editing tools like MN, ZFN and TALEN442,443. HIV is also the first virus targeted 

by the CRIPSR/Cas9 system444. There are basically three strategies against HIV infections: 

functional cure, sterilizing cure and vaccination445. 

The functional cure aims to inactivate the integrated virus to prevent its reactivation or the 

expression of toxic viral intermediates. Ebina et al. in 2013 followed that idea by targeting the 

main promoter of HIV, the long terminal repeats (LTR)444. Induced DSB in the LTR region led to 

indel formations and silencing of viral protein expression. It was also observed that the HIV 

genome was excised in some cells. 

For the sterilizing cure the complete reservoir of the integrated HIV genomes or infected cells 

needs to be removed from the patient, so that the patient is completely HIV negative again. 

Singleplex targeting of the LTR region of the integrated provirus (on both end of the viral genome 

inside the host genome) enables the excision of the entire viral genome from the host genome446. 

Moreover, targeting the LTR alone or in combination with essential viral genes by a duplex 

strategy is much more efficient446–448. The most efficient approach is a multiplex strategy. Yin et 

al. used a quadruplex strategy (4 gRNAs) targeting the LTR and two essential viral genes (gag and 

pol) and successfully fragmented the viral genome449. The excision of the HIV genome in vivo has 

been tested in several mouse models; the most common is the Tg26 mouse, which has several 

copies for a truncated HIV genome integrated into the host genome448. Duplex and multiplex 

approaches can significantly reduce the amount of integrated HIV. Multiple tissues were assessed 

by the delivery of the SaCas9 and two or four gRNAs with an AAV449. The liver and peripheral 

blood cells were the most efficiently targeted. Even in the brain HIV excision was detected, which 

is very important for HIV CNS diseases (dementia). In NCr mice, a HIV permissive mouse model, 

the simultaneous infection and injection of AAV Cas9/gRNAs reduced the amount of infected cells 

with an efficacy of up to 96% depending on the analysed tissue. Finally, the multiplex 

CRISPR/Cas9 system significantly cuts out the viral genome of human cells in humanized mice 

after the HIV infection through the natural route of the vaginal mucosa. In all three mice strains, 

the multiplex Cas9/gRNA treatment significantly reduced the reservoir of HIV positive cells, but 

total clearance of the infection has not been yet observed. There are two possible explanations for 
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this. On the one hand, actual delivery systems are not sufficient enough to assess all HIV positive 

cells, especially resting cells in the tissue. On the other hand, HIV has extremely high mutation 

rates, so that one infected individual has a lot of different quasi-species in the infected cells. By 

next generation sequencing (NGS) of HIV patient peripheral blood samples, it was detected that 

the total HIV reservoir acquire 10-20 mutations per year only in the LTR region450. It reaches a 

plateau around six years after the primary infection. This feature makes it very difficult to target 

the complete reservoir. The correct gRNA design depends on NGS to compare the different quasi-

species. But still, only 50% of the analysed samples were able to be targeted with a gRNA set 

comprising less than 10 gRNAs.  Moreover, due to the high mutation rate, the gRNA set is only 

valid for less than one year.  Under the actual technical conditions a sterilizing cure is not yet 

possible. 

A very different strategy can also lead to the clearance of HIV from the patients. The so-called 

“shock and kill” strategy is based on the reactivation of all latent infected cells, which then will be 

destroyed by the immune system. This approach can only be considered before the progression 

to AIDS. A clinical study using an HDAC inhibitor (SAHA) failed so far to decrease the HIV reservoir 

in patients445. However, the actual latency-reversing agents are unspecific and have side effects 

like T-cell activation. Moreover, the reactivation of HIV is not strong enough to lead to a complete 

and strong viral protein expression. Currently, researchers are testing the dCas9-transactivators 

to reactivate HIV by targeting the LTR region. The standard dCas9-VP64 is not sufficient to 

reactivate HIV451, but two related CRISPR transactivators were very efficient: dCas9-VPR and 

SAM451–453. The dCas9-VPR is fused to three different transactivator domains, the VP12 of HSV, the 

p65 subunit of NFκB and the EBV R transactivator domain. The SAM system is still based on the 

dCas9-VP64, but uses a modified gRNA which can recruit a bacteriophage coat protein fused to 

transactivation domains (p65, HSF1). Besides those CRISPR-TF, the dCas9-p300 (histone 

acetyltransferase) also induces reactivation very efficient453. The advantage using the 

CRISPR/Cas9 system as an activator is, that it only activates HIV and has no adverse effect on non-

infected cells. Moreover, it can also be used in combination with SAHA, which has a synergistic 

effect451. In vivo studies showing the reduction of the HIV reservoir are still missing. 

Finally, the vaccination strategy treats uninfected cells to prevent the infection by HIV. It has been 

shown that cells transduced with the Cas9/gRNA against the LTR cannot just target the integrated 

viral genome, but also cleaves the dsDNA intermediate of HIV during primary infection454. Primary 

T cells and iPSC generated monocytes can be protected from HIV infection by a stable Cas9/gRNA 

expression454,455. Alternatively, the CRISPR/Cas9 system can be used to destroy the entry receptor 

of HIV. However, CD4 is essential for T cell signalling and the co-receptor CXCR4 is an essential 

homing receptor for HSC, it is not possible to knock-out this receptors442. But, the CCR5 co-

receptor can be targeted, because individuals with a CCR5Δ32 mutation (small internal deletion) 

have no phenotype and are completely healthy. Moreover, as shown by the “Berlin Patient” the 

CCR5Δ32 cells cannot be infected by HIV leading to the cure of the patients by HSCT from a 

CCR5Δ32 donor. Since then, the knock-out or induction of the specific internal deletion is 

considered a treatment for HIV by cell therapy and is in a clinical trial with ZFN modified cells. 

Efficient knock-out of the CCR5 has been tested in T cell lines456, primary T cells455, iPSC generated 

macrophages457 and HSC458 without interfering with the phenotype, cytotoxicity or changes of the 

differentiation potential. All CCR5- cells were resistant to HIV infection by R5-tropical strains. 

These cells have a selective advantage towards WT cells and overgrow the WT cells under HIV 

infection conditions, which is very promising for cell therapy456. CCR5- HSCs are tested in vivo to 
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reconstitute humanized mice in the first and second generation459. Moreover, mice with CCR5- 

HSC have a significantly reduced viremia and enrichment of CCR5- cells. 

HIV cure is still far away, but adoptive autologous or allogenic cell therapy shows promise in 

improving the T cell count and therefore prevents or slows down the progression to AIDS. 

2.6.1.2 HBV 

The hepatitis B virus causes chronic infections in the liver leading to liver cirrhosis and carcinoma. 

In infected patients, it infects nearly all hepatocytes and remains in the cells as a very stable 

cccDNA (circular covalently closed DNA). More rarely, it can also integrate into the host genome. 

Similar as for HIV, CRISPR/Cas9 targeting strategies aim to silence or destroy the HBV reservoir 

in the hepatocytes. Several singleplex and duplex strategies have been tested, showing that the 

duplex strategy is always more efficient460. Furthermore, to reduce off-target effects on the human 

genome, the Cas9n and the dCas9 have been tested for efficiency to cut or destroy the viral 

genome461–463. Surprisingly, both Cas9 variants led to an inhibition of viral protein expression. 

However, the efficiency was reduced in comparison to the WT Cas9 and might not be sufficient to 

be used as an anti-viral treatment462,463. The correct target gene selection is more variable in HBV 

than in HIV. Basically, all major ORFs have been tested as an efficient target for the Cas9/gRNA. 

The targeting of the reverse transcriptase (RT) directly in the catalytically motif YMDD shows the 

most promising results464. In this case, indels leading to frameshift or in-frame mutations are both 

sufficient to destroy the functional protein and to prevent viral replication. Therefore, it is more 

efficient to target this motif. Moreover, duplex strategies often lead directly to the loss of the 

cccDNA, which is obviously more sensitive to cleavage than integrated viral genomes or other 

viral genome intermediates464,465. The complete degradation of the HBV genome can be ensured 

by a multiplex strategy based on eight gRNAs466. It very efficiently eliminated nearly all viral 

genome intermediates and reduced HBV antigen expression in vivo. For most of the strategies, a 

prolonged exposure of the Cas9/gRNA against the HBV genome increases the on-target efficiency 

and reduces viral replication for over 300 days465,467. In vivo mouse models validated the reduction 

of the viral replication by the delivery of CRISPR/Cas9 system by hydrodynamic tail vein injection 

or AAV (SaCas9), but never achieved a complete HBV clearance466,468–471. The delivery is the 

limiting factor. A mathematical model calculated that multiple doses are necessary to target all 

hepatocytes. For example, with a compound allowing a delivery efficiency of 99.99%, it would 

require only two to three doses of the compound to target 100% of the hepatocytes. On the other 

hand, using a less efficient compound leading to a 50% delivery efficiency, it would need at least 

38 doses to reach 100% of the hepatocytes472. However, multiple doses increase the risk of an 

immune reaction against the Cas9 or the delivery agent and might lead to massive cell loss of 

transduced cells. A combination of the CRISPR/Cas9 system with the standard nucleotide 

analogue based anti-viral therapy could overcome this problem. Additive or synergistic effect 

have been proven already464. 

2.6.1.3 Herpesviruses 

Herpesviruses are a family of very large dsDNA viruses. Primary infections are usually not severe, 

but the virus persists in latency lifelong in the host. The latent reservoir depends on the virus type, 

either locally in ganglion nervous cells (HSV) or more systemic in different resting cell types (EBV, 

HCMV). The viral genome remains in the nucleus of infected cells as an episome and does not 

integrate in the host genome.  
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EBV (Epstein-Barr Virus) causes mononucleosis as a primary infection, but is more known as an 

oncovirus leading to Burkitt lymphomas or nasopharyngeal carcinomas, usually in immune 

deficient patients. The major aim is to reverse the transformation or loss of the viral genome 

maintenance. Targeting the oncogenes EBNA3C and LMP-1 can remove the transformations and 

induce apoptosis in Burkitt lymphoma cells473. However, the loss or destruction of the entire viral 

genome is more efficient. DSB in the internal repeat regions can lead to the fragmentation of the 

genome. The most efficient strategy used a multiplex approach with seven gRNAs targeting 

repeats, oncogenes and genes essential for viral genome maintenance. 

HSV (Herpes simplex virus) causes cold sores (HSV1) or genital herpes (HSV2). While a singleplex 

strategy failed to protect against the HSV infection, a duplex strategy targeting essential viral 

genes for genome replication prevented the virion release completely474. Surprisingly, the 

Cas9/gRNA was not able to target the latent viral genome. The HSV genome is highly chromatin-

condensed and associated with nucleosomes during latency, which prevents Cas9 binding to the 

target site. This problem can probably be overcome by choosing a target site in viral genes, which 

are expressed during latency.  

HCMV has also been targeted by the CRISPR/Cas9 system. Singleplex strategies to knock-out 

Delay Early antigens of the HCMV only prevented viral replication over a short period of time but 

the virus escaped rapidly leading to virion release and resistance to the CRISPR/Cas9 system in 

primary cells474. 

2.6.1.4 HPV 

The human papillomavirus (HPV) is a commonly known oncovirus mainly causing cervical cancer. 

Two main viral genes induce the transformation of infected cells. E6 inhibits the tumour-

suppressor gene p53 and E7 leads to the degradation of Rb. Treatment strategies against HPV aim 

more the destruction of these oncogenes than the clearance of the infection. Already the 

destruction of a single viral oncogene (E6 or E7) leads to cell cycle arrest and apoptosis475–477. 

However, the duplex strategy is more efficient targeting either both antigens or one oncogene and 

the E6/E7 promoter478,479. This CRISPR/Cas9 strategy can be enhanced by the co-treatment with 

a chemotherapy agent CDDP, which inhibits E6479. The synergistic effect could also be confirmed 

in a xenograft mouse model and led to a reduced tumour size and less metastasis. 

2.6.1.5 RNA viruses 

RNA viruses are not a classical target of the CRISPR/Cas9 system, but there are two possibilities 

using the CRISPR/Cas9 system to target RNA. Using a PAMmer can change the substrate of the 

Cas9 from dsDNA to ssRNA480. The PAMmer is a ssDNA containing the PAM sequence and is partly 

complementary to the target RNA sequence, which does not need to contain the PAM. Binding to 

the PAM enables the gRNA to bind ssRNA and the nuclease domain HNH of the Cas9 cuts the RNA. 

Alternatively, the FnCas9 from the Francisella novidica can cut dsDNA with the classical 

tracrRNA:crRNA complex. However, if the FnCas9 binds a small crRNA (scrRNA) it digest 

ssRNA429. The FnCas9 has been successfully used against the RNA Hepatitis C virus481. 

Unexpectedly, the viral RNA targeting was PAM independent and the gRNA sequence at the 5’ end 

was more important for efficient HCV suppression than the 3’ seed sequence for DNA targeting. 

The advantage to target RNA viruses is the reduced probability of off-target effect on the host 

genome. Target sites are PAM independent and should reduce the possibility of homologue 
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regions in the host genome. Moreover, most RNA viruses stay during their replication cycle in the 

cytoplasm. Keeping the Cas9 in the cytoplasm abrogates the possibility of DSB in the host genome. 

2.6.1.6 Resistances 

The biggest challenge besides a highly efficient delivery method for in vivo applications, is the 

development of CRISPR/Cas9 resistant viruses. The usage of the singleplex strategy targeting the 

viral genome leads statistically in 33% of all DSB to an in-frame mutations (+/- 3nt). This virus 

mutants are mostly replication-competent, but have a disrupted target site, which abrogates the 

repetitive cutting by the Cas9/gRNA. So far, HIV, HSV, HCMV and EBV have been reported to 

escape from the CRISPR/Cas9 system474,482,483. Extent analysis on the viral escape mutants and the 

prevention of breakthrough replication has been mainly done on HIV. First of all, the type of 

escape mutation strongly depends on the target region in the viral genome482. Highly conserved 

genes usually acquire nucleotide substitutions or small in-frame mutations to maintain the ORF 

and functional protein expression. The substitutions often even cause no amino acid change in the 

protein. Less conserved regions or non-essential genes gain normal indels, because of the missing 

selection pressure. Promoter and regulatory regions can obtain normal indels, too, but some 

conserved regions like secondary structures or transcription factor binding sites may only allow 

small indels or just substitutions484.  

To prevent the viral escape, a minimum of two genes/regions needs to be targeted474,485,486. Larger 

multiplex strategies probably decrease the viral escape probability further. Still, the right 

selection of target regions can be further optimized. It has been observed, that a duplex strategy 

with target sites with more distance to each other provide better protection485. Moreover, both 

gRNAs need to be highly efficient (tested as a singleplex strategy) to ensure that the duplex 

strategy leads to large deletions and not just small indels at both target sites486. Finally, to ensure 

no viral rescue by non-treated cells, a prolonged Cas9/gRNA treatment is necessary485. The 

prolonged Cas9/gRNA exposure pushes the mutations from nucleotide substitution to larger 

deletions over time (Figure 16). For HIV, it has been shown that one to three months of 

Cas9/gRNA exposure is necessary to prevent breakthrough replication in a mixed culture of 

treated and untreated cells. This is very important for the right choice of the delivery system. Viral 

delivery systems, which ensure transgene expression for at least one month will therefore be 

more efficient. In general, there is a higher risk of off-target effects on the human genome by 

prolonged CRISPR/Cas9 expression, but most of the studies mentioned here could not detect any 

off-target effects at all446,467,487. 

 

Figure 16: Type of mutations induced by the CRISPR/Cas9 system over time. The CD4+ T cell line (SupT1) was 
transduced with a duplex Cas9/gRNA lentiviral vector and subsequently infected with HIV. Twelve and 110 
days pi, DNA was extracted from the cells, the HIV provirus was PCR-amplified and sequenced based on TA 
cloning. The type of mutations changed over time from minor mutations to large deletions. Figure from: Wang 
et al. 2016; Cell Reports.  
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In conclusion, the usage of CRISPR/Cas9 system to target chronic or persistent viral infections is 

a very promising tool for the future, but several factors have to be carefully managed. The right 

target gene selection is the key to a safe treatment strategy. The destruction of the entire viral 

genome prevents viral escape and avoids the expression of toxic viral intermediates. Most viral 

infections cannot yet be cleared by the CRIPSR/Cas9 system because of insufficient delivery 

methods. However, EBV and HCMV are typical opportunistic infection for transplant patients 

giving the opportunity to treat tissues or cell suspension ex vivo with a higher delivery efficiency 

and the chance to select Cas9/gRNA positive cells. 
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Box 6: How to target viruses with the CRISPR/Cas9 system 

Target selection: 

 Essential viral gene: disruption of the target gene has to lead to a replication-incompetent 

virus 

 Highly conserved: less variability between different viral strains and only small mutations 

will be tolerated 

 Multiplex > duplex > singleplex: multiple target sites prevent viral escape mutations and 

may even allow the degradation of the viral genome 

 Non chromatin compensated regions: Cas9 cannot target highly chromatin condense 

regions, which gives the virus the chance to escape the treatment 

Strategies: 

I. Destruction of essential viral genes or fragmentation of the viral genome/gene and 

subsequent loss of the viral genome = abolish viral replication 

II. Inactivation or excision of integrated viral genome copies = prevention of reactivation 

or loss of latent viral reservoir 

III. Reactivation of the latent virus and subsequent destruction of infected cells by the 

immune system = reduction of viral reservoir 

IV. Knock-out of essential viral host factors like entry receptors = prevent the infection of 

modified host cells (vaccination) 

 

Figure from: Soppe et al. 2017; Trends Microbiol. 
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 Hypothesis 1 

The knock-out of the major Immediate Early gene UL122/123 by the 

CRISPR/Cas9 system inhibits lytic viral replication  

 

  

Box 7: Graphical abstract of the hypothesis 1 

A: The MIE proteins are the key regulators of the CMV replication cycle and are absolutely 

essential for genome replication and virion release.  

 

B: Disruption of the MIE genes by the CRISPR/Cas9 system abrogates the viral replication. 

No new virions are released. 
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1 Design of the anti-UL122/123 CRISPR/Cas9 
strategies 

 General Principle 

As shown in previous studies, the MIE gene UL122/123 encodes the key regulators of the viral 

replication cycle: IE1 and IE2194,488. IE2 is the major transactivator responsible for the expression 

of delay early and late antigens193,196. IE1 is responsible for the positive autoregulation of the 

UL122/123 expression and is especially necessary for infection with a low MOI (≤ 0.1)203. The 

disruption of the MIE gene expression leads to a replication-incompetent virus. The viral infection 

is abortive directly after cell entry194. Neither viral genome replication nor newly produced virions 

can be detected488. Moreover, a splice variant of IE1, expressed during latency, is responsible for 

the maintenance of the viral genome in the host cell234. Therefore, Azad et al. developed in the 

early 90’s an antisense oligonucleotide targeting the exon 5 of the MIE gene, which prevents the 

viral replication very efficiently195. Later on, this approach was developed to a treatment for CMV 

retinitis in HIV patients.  

This led subsequently to the hypothesis that the knock-out of the U122/123 gene is an 

appropriate target for a new anti-viral approach based on the CRISPR/Cas9 system. We 

assume that the permanent disruption of the UL122/123 ORF will completely inhibit viral 

replication. The usage of a single gRNA should lead to indels, which can induce a frameshift 

mutation and a premature stop codon. A multiplex approach based on three gRNAs is expected to 

excise the UL122/123 gene between the first and third gRNA. The second gRNA should prevent 

the inversion of the gene and should lead to the fragmentation of the target gene. 

In order to analyse the anti-viral efficiency of the CRISPR/Cas9 system targeting the UL122/123 

gene we designed stable cell lines expressing the Cas9 and one or three gRNAs. Subsequently, 

those cell lines were infected with HCMV and the progression of the viral infection and replication 

cycle was monitored. An abortive viral replication cycle at the immediate early time point was 

expected. 
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 Methods 

 Lentiviral vector construction 

For the singleplex strategy and the unsp. gRNA/Cas9, gRNAs were design based on the consensus 

motif N20NGG. Concomitant oligonucleotides were designed and inserted in the CRISPR/Cas9 

expression plasmid pX330 (addgene) following the manual instructions. Later on, the gRNA 

cassettes were PCR amplified using the following primers F: 5’ATATGAATTCTT 

TTGCTCACATGTGAGGGC3’, R: 5’ATATGAATTCCGCGCTAAAAACGGACTAGC3’ and cloned by EcoRI 

digestion in the first LV backbone containing the SpCas9 fused to GFP489 (Figure 17 A). The 

multiplex gRNA cassette was synthetized (GeneScript, Piscataway, USA) and also inserted in the 

lentiviral vector489 by EcoRI digestion. 

 

Figure 17: Lentiviral vector constructs. All constructs contained one of the three gRNA cassettes (unsp. gRNA, 
singleplex, multiplex), which are in detail explained in the results section. A) The LV type 1 was based on an LV 
previously published in our lab containing the SpCas9-GFP under the control of the SFFV promoter489. B) The 
LV type 2 was designed and constructed in collaboration with Olaf Pinkenburg to gain an LV optimized for high 
titer production. Subsequently, the SpCas9HF-T2A-LNGFR under the control of the EF1α short promoter was 
inserted. C) The LV type 3 is based on an optimized CRISPR/Cas9 LV backbone from the Zhang lab, MIT 
containing the SpCas9-P2A-puromycin resistance (addgene plasmid # 52961). LV: lentiviral vector, SFFV: 
spleen focus-forming virus promoter, LNGFR: low-affinity nerve growth factor receptor, EF1α short:  elongation 
factor-1 α short 

The second LV backbone contained SpCas9HF1-T2A-LNGFR (Figure 17 B). It was designed and 

constructed in cooperation with Olaf Pinkenburg. He built an LV backbone for high titre 

production from the pWPT-GFP (a gift from Didier Trono (Addgene # 12255)) as followed: A 

replacement of the fragment XbaI - PvuI (1347 bp) with the SpeI – PvuI fragment (462 bp) from 

pGL4.13 (PROMEGA) was done in order to remove unwanted restriction sites. Also, the BamHI-

KpnI fragment was replaced with BamHI-KpnI fragment from pWPXL (a 

gift from Didier Trono (Addgene # 12257) to add an XmaI restriction site. To create the final 

pWPT., the restriction sites for MluI - XbaI and NotI - EcoRI up- and downstream of the 

promoter EF1α, respectively, were inserted by PCR amplification with the following primers: 

EF1α forward: TATAACGCGTCCCCTCTAGAGGCTCCGGTGCCCGTCAGTG and EF1α reverse: 

TTGAATTCTGCGGCCGCGCGTCACGACACCTGTGTTCTGGC. The Cas9-HF1 (VP12, addgene 

#72247) was fused to the T2A-LNGFR construct synthesized by GeneScript (Piscataway, USA) and 

cloned into this new empty LV backbone (pWPT) by NotI and XmaI digestion. Lastly, the 

multiplex cassette, excised from the first LV, and the gRNA2 or unsp. gRNA cassettes, PCR 

amplified from the pX330 (Primers: Forward: ATATACGCGTTTTTGCTCACATGTGAGGGC and 

reverse: ATATTCTAGACGCGCTAAAAACGGACTAGC), were inserted by MluI  and XbaI digestion. 

The third LV backbone (Addgene plasmid # 52961) contains the SpCas9-P2A-Puromycin 

resistance and a gRNA cassette under the control of the U6 promoter (Figure 17 C). For the 

singleplex and the internal control, the gRNA2 and unsp. gRNA were synthesized as 
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oligonucleotides and inserted in the gRNA cassette following the manufacturer’s instructions. The 

multiplex gRNA cassette was PCR amplified from the first LV backbone SpCas9-GFP by the 

following primers: F: TATAttaattaaacgcgtGAGGGCCTATTTCC, R: 

TATAgaattccgtacgaAAAAAAGCACCGA and inserted via PacI and EcoRI.  

 Lentiviral vector production 

6*10^6 HEK293T cells were seeded in a 150 mm2 cell culture dish in complete medium (DMEM, 

10% fetal calf serum (FCS), 1% penicillin/streptomycin (P/S), 1% L-gulatmine (L-glu) and 1% 

HEPES) and incubated overnight. The LV backbone and the two helper plasmids psPAX2 (for gag, 

pol, rev and tat expression) and pMD2G (VSV-G pseudotype) were diluted in 1.5 mL 2x HBSS (0.28 

M NaCl, 10 mM HEPES, 1.5 mM Na2HPO4 in H2O) and 750 µL H2O/ 2.5 mM HEPES. The DNA 

solution was slowly vortexed and dropwise mixed with 750 µL CaCl2 (0.5 M). The final mix was 

vortexed for 5 s with maximum speed and further incubated for 20 min at RT. Subsequently, the 

transfection mix was vortexed again at maximal speed for 5 s and then dropwise added over the 

HEK293T cells. 16 h post transfection the medium was changed to fresh complete medium and 

incubated for another 24 h at 37 °C. Finally, the supernatant was collected and centrifuged for 5 

min at 3000 rpm. The LV stock was further purified by filtration through a 0.45 µm PVDF filter 

and concentrated by ultracentrifugation (26000 rpm, 4 °C, 90 min). The LVs were resuspended in 

complete medium and stored at small aliquots at -80 °C. 

 RT-qPCR GAG/POL 

To be able to sort LV transduced cells, they need to be declared “HIV negative” to leave the 

biosafety level 3 lab. Around three weeks post transduction, a part of the cells was harvested and 

the RNA was extracted from the cells by the NucleoSpin RNA Kit (Macherey Nagel, Düren, 

Germany). RNA was transcribed to cDNA by the TaqManTM Reverse Transcription Reagents 

(Invitrogen, Thermo Fisher, USA).  

To titre the amount of HIV transcripts, the cDNA samples were analysed by qPCR  using the 2x 

sybr green reaction mix (Invitrogen, Thermo Fisher, USA) for the expression of the two retroviral 

genes gag and pol and in internal cellular control HB2 (housekeeping gene). Samples were 

analysed in the 7900 qPCR machine with the following program: 10 min 95 °C, 40 cycle of 15 s 95 

°C and 60 s 60 °C.  

 HCMV production 

MRC5 primary fibroblasts were seeded in a 5-layer cell stack (5*10^7 cells) and cultured until 

they reached a confluency of 70%. Then, the medium was replaced by the inoculum to infect the 

MRC5 cells with an MOI of 0.02 in minimal medium (DMEM, 2% FCS, 1% P/S, 1% L-glu, 1% 

HEPES).  MRC5 cells were incubated until 90% of the cells showed a cytopathic effect (7-8 days). 

Finally, the supernatant was harvested, centrifuged for 15 min at 3000 rpm and either directly 

aliquoted or concentrated via ultracentrifugation through a 20% sucrose cushion (2.5 h, 24000 

rpm, 4 °C). The virus stock was store at -80 °C. 

 Titration of HCMV 

MRC5 cells were plated in a 12-well-plate at a concentration of 1*10^5 cells/well and incubated 

overnight. Subsequently, the medium was removed and the virus suspension was serial diluted 
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1:10. MRC5 cells were infected in duplicates by a 2 h inoculation. Two days pi, the cells were 

trypsined and analysed by FACS for IE expression. 

 FACS 

Cells were harvested by trypsin, added in a 96-well-plate (V-bottom) and washed one time (1.5 

min, 2500 rpm, 4 °C) with PBS. For the viability stain, cells were resuspended in 50 µL of the 

Live/Dead Fixable Dead Cell Stain Kit (Invitrogen- Thermo Fisher Scientific, USA) and incubated 

for 30 min at room temperature (RT) in the dark. Cells were washed three times with PBS and 

fixed in 3.2% paraformaldehyde/PBS for 10 min at 4°C. After one washing step, cells were 

permeabilized by PBS/3% BSA/0.2% Triton for 30 min on ice. Intracellular IE was detected by 

either an anti-HCMV mAb (clone MAB810R; Millipore, Germany) or an anti-IE/E CMV antibody 

(Argene Biomérieux, France). HCMV glycoprotein B (gB) was detected intracellularly by a mouse 

anti-CMV gB antibody (1-M-12, Santa Cruz, USA). An anti-mouse IgG antibody conjugated to 

Alexa® 647 (BD Biosciences, USA) was used as a secondary antibody in all staining experiments 

presented in this study. After three further washing steps, the samples were analysed on the LSR 

II (BD Biosciences, California, USA). 

 Cell lines 

U373-MG cells (astrocytoma cell line) and MRC5 cells (primary fibroblasts) were cultured in 

complete medium (DMEM, 10% FCS, 1% P/S, 1% L-Gut, 1% HEPES). 

For the generation of stable U373-MG cell lines expressing the CRISPR/Cas9 strategies, U373-MG 

cells were transduced with the different LVs (first LV backbone) with an MOI of 5 to 10. After a 

three-week expansion phase, the U373-MG cells were declared HIV negative by a gag and pol RT-

qPCR and subsequently FACS sorted based on the Cas9-GFP expression.  

For the LV Cas9-GFP, MRC5 cells were transduced with an MOI of 5-10 and cultured for three 

weeks. After a negative HIV RT-qPCR, cells were FACS sorted based on the Cas9-GFP expression. 

For the LV Puro, MRC5 cells were transduced with a dilution of concentrated LV of 1:500-1:1000 

in the presence of 4 ng/µL polybrene and spinoculated at 1000 g for 90 min at 33 °C. After 8 h, the 

inoculum was replaced by fresh complete medium and cells were further cultured for two to three 

days. Subsequently, transduced MRC5 cells were treated for two days with 2 µg/mL puromycin 

or for nine days with 0.5 µg/mL puromycin (refreshing medium every two days). 

 HCMV infections 

U373-MG cell lines and MRC5 cells were seeded in a 12-well plate at a concentration of 3*10^5 

cells/mL and incubated overnight at 37 °C. Subsequently, cells were infected with the HCMV 

(strains: TB40GFP, Toledo, VR1814) at an MOI of 1 - 0.01 in complete medium. After 2 h 

inoculation, the medium was replaced by fresh complete medium and the cells were further 

incubated at 37 °C for two to eight days. 

 PCR 

Total DNA was isolated from the infected cells with the NucleoSpin TriPrep Kit (Macherey-Nagel, 

Düren, Germany). The target region of the singleplex strategy was amplified by standard PCR with 

the following primers: F: 5’ GTTCTCGTTGCAATCCTCGGTCAC  3’ R: 5’ CGTGGCGGTAGGGTATGTGT 

3’ following the Herculase II Fusion Enzyme with dNTPs Combo kit (Stratagene, Agilent 
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Technologies, CA, USA). A bigger PCR amplifies the whole UL122/123 region (3862 bp amplicon; 

Primers F: ACATGAGGGGGAGAAGGACA; R: CGTGGCGGTAGGGTATGTGT) to analyse the multiplex 

target region. Samples were analysed by the Caliper LabChip GX device (PerkinElmer). 

 T7-assay 

For the T7-assay, the PCR products were purified by the NucleoSpin column (Macherey Nagel, 

Düren, Germany). 200 ng of DNA was denatured for 5 min at 95 °C and slowly re-annealed in three 

steps consisting of 15 s at 95 °C, 15 s at 85 °C and 30 s at 25 °C. Small mismatches were detected 

by the digestion with the T7 endonuclease (New England Biolab Inc., UK) for 30 min at 37 °C. The 

addition of 2 µL 0.25 M EDTA stopped the reaction and samples were analysed by standard gel-

electrophoresis or capillary electrophoresis on a Caliper LabChip GX device (PerkinElmer). The 

Caliper device calculated the quantity and concentration of each band and therefore allowed the 

calculation of the percentage of indels based on the formula from Hsu et al365.  

 PCR cloning 

The PCR products were inserted in an empty ampicillin/kanamycin vector via TA cloning with the 

StrataClone PCR cloning Kit (Agilent Technologie Devision, USA) according to the manufacturer’s 

instructions. This expression vector was subsequently transformed by heat shock into competent 

cells. The competent cells were plated on LB medium with ampicillin and 2% X-gal and incubated 

overnight at 37 °C. Positive clones were selected the next morning by white/blue selection and 

send to MWG (Eurofins Genomics GmbH, Ebersfeld, Germany) for sequencing. 

 qPCR US8 

Cellular and viral DNA were isolated with the NucleoSpin TriPrep Kit (Macherey-Nagel, Düren, 

Germany) and the viral genome was quantified by a US8 qPCR with the following primers F: 

GGCACCAAATGCAGAGTGAG, R: AAGCCGTATTCCGTTTGCG, and probe: 

TGGTCCAAGTCCGTGGGCACC (FAM-BHQ-1, Eurofins Genomics GmbH, Ebersberg, Germany). The 

absolute quantification was performed based on a plasmid standard (10^6 to 10 copies/well) with the 

TaqMan™ Universal PCR Master Mix (Thermo Fisher Scientific, Waltham, MA USA) at 45 cycles of 

94°C 20 s, 57°C 20s and 72°C 20s. Because the percentage of infected cells varied from one 

experiment to another, the genome copy numbers were first normalized to the amount of total 

cellular DNA and then expressed as an index of the amount of viral genomes in HCMV-infected 

untransduced U373-MG cells. 

 Western Blot 

MRC5 cells(two days pi) or U373-MG cells (eight days pi) were harvested and the proteins were 

extracted by the NucleoSpin TriPrep Kit (Macherey-Nagel, Germany) according to manufacturer’s 

protocol. 15 µL of the samples were separated by SDS-PAGE and transferred via semi-dry western 

blot on a nitrocellulose membrane (GE Healthcare life science, UK) for the U373-MG lysate or via 

liquid transfer on a PVDF membrane (Millipore) for the MRC5 cell-lysates. The membrane was 

blocked for 2 h in 5 % milk in TBST. IE were detected by the mouse anti-CMV antibody (MAB810R, 

Millipore, Germany) and a donkey anti-mouse HRP antibody (Jackson Immuno Research Labs, 

USA). After being washed, the membrane was incubated 5 min with the SuperSignal™ West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific, USA) and the signal revealed by the 

Luminescent Image analyzer LAS-4000 (FujiFilm, Japan). Following a short wash in TBST, 
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antibodies were removed from the membrane by Restore Western Blot Stripping Buffer (Thermo 

Fisher Scientific, USA) for 30 min at room temperature and were used for subsequent detections. 

GAPDH or actin detection was used as a housekeeping protein with mouse anti-GAPDH (6C5, 

Santa Cruz, USA) or the mouse anti-actin (C4, Santa Cruz, USA) antibodies and a secondary 

antibody donkey anti-mouse HRP. The Cas9-GFP from the U373-MG lysate was detected with a 

rabbit anti-GFP antibody (Invitrogen- Thermo Fisher Scientific, USA) and revealed by a goat anti-

rabbit HRP secondary antibody (Jackson Immuno Research Labs, USA). The Cas9 from the MRC5 

cell-lysate was detected with the anti-Cas9-A647 (clone 7A9-3A3 Alexa 488, Cell signaling, The 

Nederland) and revealed with a secondary antibody donkey anti-mouse HRP. For the 

quantification of the proteins on the membrane, the pictures were analyzed by the software GIMP 

2. The background signal of the membrane was subtracted and the signal intensity of each band 

was calculated in an arbitrary unit/mm2. The Cas9 expression was normalized to the actin 

expression. 

 Virion release analysis by trans-infection plaque assay 

MRC5 cells were plated in a 24-well plate (Falcon, Corning Incorporation, USA) at a density of 

2*10^5 cells/mL to be used the day after for trans-infection plaque assay. Eight days after HCMV-

infection, U373-MG cells were harvested, counted, serially diluted (from 10^5 to 1 cell per well) 

and seeded over the MRC5 cell-monolayer in duplicates. After overnight incubation, liquid media 

was replaced by 0.8% agarose (Sigma, USA) in MEM (Gibco life technology, USA) (10% FCS, 100 

U/mL Penicillin/Streptomycin, 2 mM L-Glutamine, 10 mM HEPES). After 7-14 days, plaques were 

observed by phase-contrast microscopy and counted. 
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 Results 

 Design of the gRNAs 

The UL122/123 gene consists of 5 exons. The start codon is located in exon 2. Two main splice 

variants are expressed from the UL122/123 gene, both containing the exons 1 to 3 and are 

alternatively spliced to either exon 4 (IE1) or exon 5 (IE2)213. Both splice variants are essential for 

the viral replication cycle. Therefore, we designed five gRNAs targeting the UL122/123 gene and 

created two strategies to knock-out the IE1/2 expression. The singleplex strategy consists of one 

gRNA and the Cas9. To target IE1 and IE2 with only one gRNA, we chose a gRNA targeting close to 

the start codon, in order to induce a frameshift mutation and a concomitant premature stop codon 

or to disrupt the start codon itself (Figure 18 A). Three gRNAs were designed to be tested as a 

singleplex strategy to find the most efficient one. 

For the multiplex strategy, we decided to excise the entire coding region of the U122/123 gene. 

Therefore, we chose the most efficient gRNA used for the singleplex strategy and designed a 

second gRNA targeting the end of exon 5, but still inside the coding region (Figure 18 B). Several 

groups have reported that the excision by a duplex strategy leads to an inversion but not to the 

loss of the target region in around 12% of the events490. The inversion of the target region from 

exon 2-5 would nearly maintain the complete ORF for the UL122/123 gene. Even though, a low 

leaky expression of IE1/IE2 from the inverted region would be unlikely, some of the minor splice 

variants would be unaffected and could possibly be expressed normally. For example, the IE1x4, 

which is expressed MIEP-independently and is only encoded by exon 4. It has an essential role for 

genome maintenance during viral latency and therefore it would be beneficial to prevent its 

expression, too. To avoid the inversion and expression of IE splice variants, a third target site was 

chosen at the beginning of exon 5. This should fragmentise the UL122/123 gene and lead to the 

deletion of the entire target region. 

 

Figure 18: Schema of the anti-UL122/123 CRISPR/Cas9 strategies to prevent IE1 and IE2 expression. A) 
Singleplex: One gRNA targets the exon 2 of the UL122/123 gene close to the start codon in order to induce a 
frameshift mutation or remove of the ATG. B) Multiplex: Three gRNAs target the UL122/123 gene close to the 
start codon in exon 2 and at the beginning and end of exon 5, which should mainly lead to the deletion of the 
exons 2-5.  

1.3.1.1 Singleplex 

The singleplex gRNAs have been selected manually for the motif N20NGG in the exon 2 of the 

UL122/123 gene, because, at this time, the only web tool available for gRNA design did not allow 

the insertion of customized DNA sequences. Therefore, all available complete genomes of HCMV 

strains on the NCBI database were aligned for exon 2 of the UL122/123 gene to choose the gRNAs 
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in a highly conserved region (Table 4). With the further progress of the CRISPR design web tools 

we validated our gRNAs later on with the Zhang lab, MIT491 and CRISPOR software to screen for 

off-target sites. Finally, three gRNAs were selected (see Table 3). 

Table 3: gRNAs for singleplex 

 Sequence Strand length Number of off targets 

gRNA 1 GTCCATCTTTCTCTTGGCAGAGG + 20 nt 190 (min. 1 mismatch) 

gRNA 2 GGACTCCATCGTGTCAAGGACGG + 20 nt 53 (min. 2 mismatches) 

gRNA 3 CCATCGTGTCAAGGACGGTGAC - 19 nt 57 (min. 2 mismatches) 

Those gRNAs were cloned into an LV containing a Cas9-GFP under the control of the standard U6 

promoter. Subsequently, these LVs were used to transduce the HCMV-permissive cell line U373-

MG and transduced cells were sorted by flow cytometry in order to gain three stable cell lines each 

expressing one gRNA and the Cas9-GFP. 
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Table 4: Alignment of different HCMV strains for the target region of the singleplex strategy 

Green : gRNA-PAM, yellow: nucleotide substitution, grey: deletion, purple: start codon 

TB40/E clone 
Lisa 

CGTGGCACCTTGGAGGAAGGGCCCTCGTCAGGGTTGTCAGGGTCCATCTTTCTCTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGCAGAAAAGA 

CGTGGCACCTTGGAGGAAGGGCCCTCGTCAGGGTTGTCAGGGTCCATCTTTCTCTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGCAGAAAAGA 

CGTGGCACCTTGGAGGAAGGGCCCTCGTCAGGGTTGTCAGGGTCCATCTTTCTCTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGCAGAAAAGA 

3157 ********************************A**A*************************************************************-*- 

3301 ********************************A**A**************************************************************** 

AF1 ********************************A**A**************************************************************** 

HAN13 ********************************A**A**************************************************************** 

HAN38 ********************************A**A**************************************************************** 

JHC -*************************************************************************************************** 

JP *************************************************************************************************-*- 

Toledo **************************************************************************************************** 

Towne **************************************************************************************************** 

U8 **************************************************************************************************** 

U11 ********************************A**A*************************************************************-*- 

VR1814 **************************************************************************************************** 
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1.3.1.2 Validation of the most efficient gRNA for the singleplex strategy 

To test the on-target efficiency of the three gRNAs, each stable U373-MG cell line was infected 

with HCMV at three different MOIs (1, 0.1 and 0.01). Two, four and eight days post infection (pi), 

the infected cells were collected and the total DNA was extracted. Subsequently, the viral genome 

was analysed for small indels in the UL122/123 gene in exon 2 by PCR/T7 assay. The T7 assay 

revealed indels at the target region for all three gRNAs. Figure 19 A shows representative PCR and 

T7 assay results at four days pi. The control U373-MG cells (non-transduced) had only the WT 

UL122/123 gene, no indels could be detected in the T7 assay. At an MOI of 1 or 0.1 there was a 

high frequency of mutated UL122/123 genes for all three gRNAs. Even though, the detection of 

indels at very low MOIs (0.01) was more difficult because of the low viral genome copy number in 

the DNA samples, we still detected some indels. Subsequently, the frequency of indels at all time 

points was calculated based on the formula from Hsu et al.354 (Figure 19B). 

  

Figure 19: T7 assay of the UL122/123 gene exon 2. U373-MG cell lines and untransduced U373-MG control cells 
were infected with HCMV TB40GFP at different MOIs (1, 0.1 and 0.01). Two, four and eight days pi, cells were 
harvested, total DNA was extracted and exon 2 of the UL122/123 gene was PCR amplified and analysed by T7 
assay for indels. A) A representative electrophoresis picture of the Caliper device for the PCR and T7 assay four 
days pi is shown. B) Quantitative analysis of the indel frequency based on the formula by Hsu et al.491 (n=1) 

Two days pi, indel frequencies of 10-50% were detected. The highest amount of mutated 

UL122/123 was detected at four days pi, especially for gRNA 1 and 2. At eight days pi, the indel 

frequency decreased slightly, depending on gRNA and MOI. In general, lower frequencies were 

expected at the late time point, because the remaining WT viral genomes entered the replication 

cycle leading to the acquisition of more viral genome copies in the cell. Moreover, the viability of 

the cells is lower at day eight (observation by light-microscopy). 

To validate that the observed indels were caused by the Cas9/gRNA DSB, the PCR products from 

day four pi were analysed by TA-cloning and Sanger sequencing (Table 5, Table 6 and Table 7). 

Small deletions of 1—12 bp were the most frequent mutations. For gRNA 1, around 60% of the 

mutations caused a frameshift mutation, because the gRNA targets inside the ORF of UL122/123 

gene. gRNA 2 and 3 were designed to target close to the start codon of the UL122/123 gene, but 

they both induce the DSB in front of the ATG and therefore outside the ORF. Even though, the 

gRNA 2 induced a DSB further away from the ATG (8 bp) than the gRNA 3 (3 bp), it still was more 

efficient to disrupt the start codon (Table 6) and to cause indels (Figure 19).   
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Table 5: Sequences of exon 2 UL122/123 of the U373-MG gRNA1 cell lines 

WT sequence TCAGGGTTGTCAGGGTCCATCTTTCTCTTGGCAGAGGACTCCAT effect 

Sample 1 TCAGGGTTGTCAGGGTCCATCTTTCTCT---CAGAGGACTCcAT In-frame 

Sample 2 TCAGGGTTGTCAGGGTCCATCTTTCTCTTGG-AGAGGACTCCAT Frameshift 

Sample 3 TCAGGGTTGTCAGGGTCCATCTTTCTCTTGG-AGAGGACTCCAT Frameshift 

Sample 4 TCAGGGTTGTCAGGGTCCATCTTTCTCTTGG------ACTCCAT In-frame 

Sample 5 TCAGGGTTGTCAGGGTCC-------------CAGAGGACTCCAT Frameshift 

Sample 6 TCAGGGTTGTCAGGGTCCATCTTTCTCTTG-CAGAGGACTCCAT Frameshift 

Sample 7 TCAGGGTTGTCAGGGTCCATCTTTCTCT---CAGAGGACTCCAT In-frame 

Sample 8 TCAGGGTTGTCAGGGTCCATCTTTCTCTTGG-AGAGGACTCCAT Frameshift 

Sample 9 TCAGGGTTGTCAGGGTCCATCTTTCTCTTGG-AGAGGACTCCAT Frameshift 

Sample 10 TCAGGGTTGTCAGGGTCCATCTTTCTCTTGG------ACTCCAT In-frame 

Sample 11 TCAGGGTTGTCAGGGTCC-------------CAGAGGACTCCAT Frameshift 

Sample 12 TCAGGGTTGTCAGGGTCCATCTTTCTCTTG-CAGAGGACTCCAT Frameshift 
Green: protospacer + PAM; purple: start codon; blue: deletions 

Table 6: Sequences of exon 2 UL122/123 of the U373-MG gRNA2 cell lines 

WT sequence CTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGCAGAA effect 

Sample 1 CTTGGCAGAGG---------------GGACGGTGACTGCAGAA Loss ATG 

Sample 2 CTTGGCAGAGGACTCCATCGTGTCA-GGACGGTGACTGCAGAA NON 

Sample 3 CTTGGCAGAGGACTCCATCGTGTCAA--ACGGTGACTGCAGAA NON 

Sample 4 CTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGCAGAA WT 

Sample 5 CTTGGCAGAGGACTCCATCGTGTCAAAGGACGGTGACTGCAGAA NON 

Sample 6 CTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTACAGAA NON 

Sample 7 CTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGCAGAA WT 

Sample 8 CTTGGCAGAGGACTCCATCGTGTCAA---CGGTGACTGCAGAA NON 

Sample 9 CTTGGCAGAGGACTCCATCGTGTCAAAGGACGGTGACTGCAGAA NON 

Sample 10 CTTGGCAGAGGACTCCATCGTGTCAAAAGGACGGTGACTGCAGAA NON 

Sample 11 CTTGGCAGAGGACTCCATCGTGTCA-GGACGGTGACTGCAGAA NON 

Sample 12 CTTGGCAGAGGACT-----------------GTGACTGCAGAA Loss ATG 

Sample 13 CTTGGCAGAGGACTCCATCGTGTCAAAGGACGGTGACTGCAGAA NON 
Green: protospacer + PAM; purple: start codon; blue: deletions; yellow: insertions; dark blue: substitution 

Table 7: Sequences of exon 2 UL122/123 of the U373-MG gRNA3 cell lines 

WT sequence TTTCTCTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGC effect 

Sample 1 TTTCTCTTGGCAGAGGACTCCATCGT--CAAGGACGGTGACTGC Non 

Sample 2 TTTCTCTTGGCAGAGGACTCCATCG-GTCAAGGACGGTGACTGC WT 

Sample 3 TTTCTCTTGGCAGAGGACTCCATCGTTGTCAAGGACGGTGACTGC Non 

Sample 4 TTTCTCTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGC WT 

Sample 5 TTTCTCTTGGCAGAGGACTCCATCGTGTCAAGGACGGTGACTGC WT 

Sample 6 TTTCTCTTGGCAGAGGAC----------------*GGTGACTGC Loss ATG 

Sample 7 TTTCTCTTGGCAGAGGACTCCATCG-GTCAAGGACGGTGACTGC NON 

Sample 8 TTTCTCTTGGCAGAGGACTCCATCGTTGTCAAGGACGGTGACTGC NON 

Sample 9 TTTCTCTTGGCAGAGGACTCCATCGTTGTCAAGGACGGTGACTGC NON 
Green: protospacer + PAM; purple: start codon; blue: deletions; yellow: insertions 
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Finally, the effect of the mutations was analysed by the reduction of IE1 and IE2 expression. Two, 

four and eight days pi, cells were harvested and stained for intracellular IE1/2 and analysed by 

flow cytometry. In control U373-MG cells, the fraction of IE+ cells was decreased at eight days pi 

probably due to the progression of the viral replication cycle (IE expression is downregulated at 

late time points) and decreased viability of the cells due to prolonged culture without medium 

refreshments. The IE expression was reduced by all three gRNA to the same extend. At a high MOI, 

the IE reduction was 40% at all time points (Figure 20 A). The effect was much stronger for lower 

MOIs (0.1 and 0.01) with an IE inhibition of 60% in comparison to the non-transduced control 

cells (Figure 20 B and C). The CRISPR/Cas9 system is probably more efficient at lower MOIs, 

because the viral load per cell is much lower, so that the Cas9 has to target only a few HCMV 

genome copies per cell.  

 

Figure 20: Decrease of the IE expression by the singleplex CRISPR/Cas9 systems. The U373-MG cell lines were 
infected with HCMV TB40GFP at different MOIs. Cells were harvested and analysed by flow cytometry for 
intracellular IE expression two, four and eight days pi (n=1). 

In conclusion, all three gRNAs inhibit the IE expression to the same extent, even though we have 

shown that only gRNA1 directly targets the coding region. gRNA 2 and 3 only target close to the 

start codon without directly disrupting the ORF, but may still interfere with regulatory regions. 

Since these gRNAs were only selected by hand without a proper off-target analysis program, it is 

necessary to validate that the gRNAs do not target the human genome. With the advancement of 

the CRISPR design web tool from Zhangs lab, MIT491, we finally had the opportunity to screen for 

potential off-target sites in the human genome. The three most probable off-target sites for each 

gRNA were selected, amplified by PCR and subjected to the T7 endonuclease. Figure 21 shows the 

results of the T7 assay for the transduced U373-MG stable cell lines and the non-transduced 

control to ensure that detected cleavage products are due to mutations caused by the 

CRISPR/Cas9 system and not naturally occurring nucleotide polymorphisms. For gRNA1, indels 

were detected for the off-target site 1 (Figure 21 A, second line), but not for off-target sites 2 and 

3. gRNA2 and 3 did not cause any indels detectable by the T7 assay.  

 

Figure 21: Off-target analysis of the singleplex strategies by T7 assay. The total DNA of the three U373-MG cell 
lines and non-transduced U373-MG cells were extracted and the three most probable off-target sites for each 
gRNA (A: gRNA1; B: gRNA2 and C: gRNA3) were PCR amplified and subsequently subjected to the T7 
endonuclease.  
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Therefore, gRNA 1 needed to be excluded from further testing, because the risk of off-target 

mutations in the human genome is too high so that it cannot be used as an antiviral therapy. gRNA 

2 and 3 both showed the same safety profile, but in the functional tests (T7 assay and IE 

expression) gRNA2 showed a slightly higher efficiency. For further analyses, gRNA2 was used for 

the singleplex strategy testing.  
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1.3.1.3 Multiplex 

These pre-tests revealed gRNA2 as the most efficient with the lowest off-target risks. 

Consequently, we used this gRNA2 for the multiplex design. gRNA4 and 5 were designed by the 

CRISPOR web tool on the exon 5 of the TB40GFP HCMV strain. Subsequently, the exon 5 of 14 

different HCMV strains were aligned. Finally, highly specific gRNAs at the beginning and end of 

exon 5, designed by the CRISPOR software, were selected when matching a conserved region for 

all HCMV strains (Table 9 and Table 10). The new designed gRNAs have minimal homology with 

the human genome with minimally three mismatches for the most probable off-target site (Table 

8). Moreover, the most probable off-target sites were mainly in intergenic regions or introns, and 

only rarely targeting exons.  

Table 8: gRNAs for the multiplex strategy 

 Sequence Strand length Number of off targets 

gRNA 2 GGACTCCATCGTGTCAAGGACGG + 20 nt 53 (min. 2 mismatches) 

gRNA 4 GGTGCTACTGGAATCGATACCGG + 20 nt 192 (min. 3 mismatches) 

gRNA 5 GTCCTGGATGGCTGCCTCGATGG + 20 nt 68 (min. 3 mismatches) 

We aimed to use a single vector delivery for the multiplex strategy. Therefore, we designed a 

multiplex gRNA cassette containing the three gRNA each under a different RNA Pol III promoter. 

We chose the commonly used U6 promoter and two further promoters tested for the gRNA 

expression by Kabadi et al. (H1 and 7SK)348. This multiplex gRNA cassette was subsequently 

cloned into an LV for the transduction of the target cells (chapter IV-1.3.2, Figure 22) 
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Table 9: Alignment of the target region of gRNA 4 in exon 5 of the UL122/123 gene 

TB40/E  CGCGACGCTGGTGGGGGTCGGCTTGTTAAGAGGGGCGCTGCTAACGCTGCAAGAGTGGGTTGTCAGCGTGGGGCCGGTGCTACTGGAATCGATACCGGCA 

3157 **************************************************************************************************** 

3301 **********************************************************************T***************************** 

AD169 **************************************************************************************************** 

AF1 **************************************************************************************************** 

HAN13 **************************************************************************************************** 

HAN38 **************************************************************************************************** 

JHC **************************************************************************************************** 

JP **************************************************************************************************** 

Toledo **************************************************************************************************** 

Towne **************************************************************************************************** 

U8 **************************************************************************************************** 

U11 **************************************************************************************************** 

VR1814 **************************************************************************************************** 
Green: gRNA-PAM, yellow: nucleotide substitution  

 

Table 10: Alignment of the target region of gRNA 5 in exon 5 of the UL122/123 gene 

TB40/E  CTATGTACAAGAGTCCATGTCTCT  TTCCAGTTTTTCACTTACTGAGACTTGTTCCTCAGGTCCTGGATGGCTGCCTCGATGGCCAGGCTCAGGGTGTC 

3157 ************************CT************************************************************************** 

3301 ************************CT************************************************************************** 

AD169 ************************CT************************************************************************** 

AF1 ************************  **************************************************************************  

HAN13 ************************  ************************************************************************** 

HAN38 ************************CT*****************************T********************************************  

JHC ************************CT************************************************************************** 

JP ************************  ************************************************************************** 

Toledo ************************CT*****************************************************************T******** 

Towne ************************CT************************************************************************** 

U8 **************G*********  ***********************************************************************A** 

U11 ************************CT************************************************************************** 

VR1814 ************************CT************************************************************************** 

Green:  gRNA-PAM, yellow: nucleotide substitution, light blue:  insertion 
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1.3.1.4 Internal control 

For unbiased testing of the singleplex and multiplex anti-HCMV CRISPR/Cas9 strategies, we 

designed an unspecific gRNA (unsp. gRNA) to exclude the sequence independent Cas9 induced 

side effects on the viral replication. Therefore, a gRNA targeting a different DNA virus (BK 

polyomavirus) was designed by the CRISPOR web tool. A gRNA with minimal off-target potential 

was selected. 

Table 11: Unspecific gRNA as an internal control 

 Sequence Length Number of off-targets 

Unsp. gRNA GAATTTCACCCTGACAAAGGGGG 20 nt 142 (min. 2 mismatches) 
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 Creation of the stable cell lines for analyzing the anti-viral activity of the singleplex 

and multiplex CRISPR/Cas9 strategies 

To analyse the effect of the different CRISPR/Cas9 strategies on the HCMV lytic replication cycle, 

stable HCMV-permissive cells were needed. We decided to work with two different cell types: The 

well-established astrocytoma cell line U373-MG, which is permissive for HCMV, but only supports 

the viral replication very slowly and does not produce significant amounts of new virions. As a 

second cell type, we chose the primary fibroblasts MRC5 to assess the effect of the Cas9/gRNAs 

on the virion release. MRC5 cells are commonly used for HCMV production and are known to allow 

a fast viral replication. We tested three strategies to create CRISPR/Cas9 stable cell lines by 

transducing the cells with an LV and selecting the transduced cells by: A: FACS sort of transduced 

cells based on the Cas9-GFP expression, B: magnetic microbeads selection based on the 

expression of the LNGFR surface marker or C: Puromycin resistance (Figure 22).  

 

Figure 22: Schematic representation of the creation of cells stably expressing the CRISPR/Cas9 system. The 
different gRNA cassettes or the internal control and anti-HCMV strategies (singleplex and multiplex) were 
cloned into the different types of LVs containing the Cas9 and either a GFP, a truncated LNGFR or a puromycin 
resistance as a marker gene. A) Demonstration of the selection of transduced cells by a FACS sort based on the 
Cas9-GFP expression. B) Anti-LNGFR-magnetic beads were used to positively select the transduced cells 
expressing the surface marker LNGFR. C) A short period of puromycin treatment killed non-transduced cells, 
while transduced cells were protected against puromycin and recovered in normal complete medium. 
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For strategy A, the different gRNA cassettes were cloned into an LV containing the SpCas9 fused 

to GFP. U373-MG were transduced with the three LVs type 1 with an MOI of five to ten and FACS-

sorted based on their Cas9-GFPhigh expression. All three cell lines had a similar mean of 

fluorescence (MFI = 1985-2203) for Cas9-GFP expression, which represents a similar expression 

level of the CRISPR/Cas9 system in the different cell lines (Figure 23 A). Throughout all 

experiments performed on these cell lines, growth kinetics were similar (same frequency of 

subculturing steps) and the viability of the U373-MG cells were high (Figure 23 B). Neither the 

Cas9 expression nor the anti-viral gRNAs were toxic. Cas9 expression was also monitored by 

fluorescence microscopy for GFP. 

 

Figure 23: Generation of U373-MG cell lines expressing the CRISPR/Cas9 strategies. U373-MG cells transduced 
with one of the three lentiviral vectors type 1 were FACS-sorted based on the Cas9-GFPhigh (fusion protein) 
expression. A) Post-sort analysis of each U373-MG cell line is presented. Mean of fluorescence is indicated 
above each histogram. B) Cell viability analysis by fixable Life/dead stain of the U373-MG stable cell lines and 
untransduced control cells by FACS. 

MRC5 cells are much harder to transduce and are more sensitive to the LV infection. Moreover, 

they are primary cells and can only be hold in cell culture for one to two months before they go 

into senescence. Following the protocol of LV transduction mentioned before, three weeks 

expansion and subsequent FACS sort failed in three independent experiments. Due to the low 

amount of GFP+ cells, the low purity of the FACS sort and the prolonged culture period, MRC5 cells 

did not expand after sorting. To increase the purity of the FACS sort, different nozzles were tested, 

because MRC5 cells are significantly bigger than most other cell types. They sediment rapidly in 

the FACS tube, which makes it difficult to achieve the optimal cell concentration for the FACS sort. 

To optimize the concentration, the tubes were vortexed several times during the sort to prevent 

the settlement of the cells. However, none of the improvements led to a higher purity. 

Furthermore, to avoid the long expansion phase, MRC5 cells were FACS sorted only eight days 

post transduction, but only a very small number of cells could be selected at this moment and they 

did not start growing in cell culture again.  

To avoid the rough and time consuming selection by FACS, a new LV vector was designed 

containing the SpCas9-HF1374 and a truncated LNGFR (low-affinity nerve growth factor receptor) 

connected by a T2A sequence. This truncated LNGFR is supposed to be expressed on the cell 
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surface of the transduced i.e. Cas9 expressing cells. The transduction of MRC5 cells with this LV 

should enable the selection of transduced cells only a few days post transduction (pt). However, 

preliminary tests on easy-to-transduce HEK293T cells failed to show LNGFR expression. The 

transfection of the same constructs (LV backbone 2) gave rise to an intermediate LNGFR signal. 

We concluded that the LNGFR expression was not high enough by LV transduction to allow a clean 

selection of transduced cells, even though the constructs itself allowed LNGFR expression.  

Finally, a third LV vector was constructed containing the SpCas9-P2A-puromycin resistance. 

Different transduction and puromycin treatment models were tested. Transduced cells were 

treated with puromycin (2 µg/mL, 2 days474) two to three days pt. This allowed the selection of 

nearly 90% of the MRC5 cells in the well. However, subsequent splitting and expansion of the cells 

led to a high mortality and the cells required a prolonged culturing phase to recover. This in turn 

was a problem, because the long culture time led the MRC5 cells to enter senescence. 

Consequently, only a few experiments could be performed on those cells. This treatment model 

was very time consuming and had strong impact on cell viability. To shorten the experimental 

design, MRC5 cells were transduced, puromycin treated and infected in the same well without a 

sub-culturing step in between. Unfortunately, in this model, cells showed a high susceptibility to 

the HCMV infection and not the expected protection. The transduction and puromycin treatment 

had a strong impact on the transgene expression and viability of the cells so that the protective 

effects could not be assessed anymore. Since high (2 µg/mL) and rapid puromycin treatment had 

a toxic effect even on transduced cells, we reduced the puromycin concentration to 0.5 µg/mL and 

extended the treatment phase from two to nine days. Subsequent sub-culturing still resulted in a 

high mortality of the MCR5 cells and a two to three weeks recovery phase was necessary before 

starting the infection with HCMV. Finally, we analyzed the Cas9 expression by western blot and 

detected only a very low amount of Cas9 expression in the singleplex and multiplex cells as 

compared to unsp. gRNA cells (Figure 24 A). These differences are either due to a toxicity induced 

by the anti-viral gRNAs or by different copy numbers of LV transgene integration. The viability of 

the transduced MRC5 cells were assessed after the recovery phase and expansion of the 

transduced cells by FACS (Figure 24 B). All MRC5 cells have the same viability independently of 

their transduction and the LV constructs.  Thus, we monitored the gRNA/Cas9 expression in 

transduced MRC5 cells over time to analyse, if the Cas9 expression level decreases stronger with 

anti-viral gRNA than with the unsp. gRNA. Consequently, the Cas9 expression from the time after 

transduction till the end of the recovery phase was analysed by western blot. As shown in Figure 

24 C and D the Cas9 expression level was reduced during consecutive subculture steps. After three 

passages, the Cas9 expression was decreased by 60% for the singleplex and multiplex MRC5 cells 

to 87% for the unsp. gRNA MRC5 cells. Therefore, the decrease of the Cas9 expression was even 

stronger in unsp. gRNA MRC5 cells than in singleplex or multiplex MRC5 cells, showing that the 

anti-HCMV gRNAs were not more toxic for the cells than the unsp. gRNA. The differences of the 

Cas9 expression level are more likely due to varying LV titres used for transduction, which were 

not titrated for this experiment. However, all LV used on MRC5 cells were produced on the same 

days. 
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Figure 24: Cas9 expression in transduced MRC5 cells. MRC5 cells were transduced with one of the three LV type 
3 and selected by puromycin treatment (2µg/mL) for 2 days.  A) After the selection and a three-week recovery 
phase, proteins were extracted with the TriPrep Kit and the Cas9 expression was assessed by Western Blot. B) 
Control and transduced MRC5 cells were stained with the fixable Life/Dead stain Kit to analyse cell viability by 
FACS. C) In a second transduction and selection experiment, a part of the transduced and selected MRC5 cells 
was collected during the recovery phase at each passage and analysed by western blot for the Cas9 expression. 
D) Relative quantification of Cas9 expression based on the Western Blot (C) normalized by housekeeping 
protein expression of actin. pt: post transduction. 

In conclusion, U373-MG cells were easy to transduce and could be FACS sorted based on a marker 

gene. They tolerated the LV transduction with nearly no mortality and allowed very long culturing 

periods without senescence or phenotypic changes. In contrast, MRC5 cells were more fragile. 

They are primary cells and thus only expand for several weeks before entering into senescence. 

Transduction with an LV is possible without high cytotoxicity, but the selection of the transduced 

cells was very challenging. These large cells could not be FACS-sorted with a high purity. Surface 

marker selections failed due to too low transgene expression. The only partly efficient selection 

was by puromycin resistance, even though prolonged culture periods for recovery were necessary 

and the Cas9 expression decreased over time. 

 Multiplex CRISPR/Cas9 system impairs HCMV replication by excising an essential 

viral gene 

The following results are part of our publication: Multiplex CRISPR/Cas9 system impairs HCMV 

replication by excising an essential viral gene, Gergen et al. (in submission). We analysed the effect 

of the two anti-HCMV CRISPR/Cas9 systems (singleplex and multiplex) on the lytic viral 

replication cycle.  
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1.3.3.1 Anti-IE CRISPR/Cas9 system reduces IE expression in primary fibroblasts 

MRC5 primary fibroblast cells were transduced and selected via puromycin treatment as 

descripted before (chapter IV-1.3.2).  Subsequently, cells were infected with Toledo (MOI 0.1) to 

assess the effect of the anti-IE strategies on the viral replication. Two days pi, the viral genome 

was analyzed for indels by T7-endonuclease assay (Figure 25 A). The efficiency of the singleplex 

cutting was calculated as described elsewhere354,491,492 (Table 12). Twenty-nine percent of the 

viral genome had indels at the target site. To analyze the efficiency of the multiplex strategy, a PCR 

spanning exons 2 to 5 was performed, which gave a 3862 bp amplicon. Interestingly, while this 

WT amplicon was strongly detected in control MRC5 cells and in MRC5 cells expressing the unsp. 

gRNA; multiplex MRC5 cells showed a weaker WT band. Moreover, a weak amplification of 500 

bp was also observed (Figure 25 B), which probably represents a deletion of 3300 bp in the 

UL122/123 gene between the target sites of gRNA2 and gRNA5. When quantifying the weaker 

band (500 bp) in comparison with the wild type band (3862 bp), around 5% of the viral genome 

copies showed this deletion in the UL122/123 gene. In PCR, the amplification of small products 

are favored in comparison to longer fragments, so that these percentages might not represent the 

exact quantity of mutations in the viral genome extracted from HCMV-infected MRC5 cells. 

However, the presence of the small PCR fragments still proofs that a part of the viral genome has 

a larger deletion in the UL122/123 gene. 

Table 12: Relative quantification of CRISPR-induced mutations in UL122/123 gene in MRC5 cells 

HCMV strain 

Mean in % ±SD 

control unsp. gRNA singleplex a multiplex b 

Toledo 0 ±0 0 ±0 29.02  ±2.31 5.36 ±0.86 

Mean percentages of indels are presented. a The percentage of mutation for the singleplex strategy is analysed based on 
the T7 assay and quantification of the PCR products and cleavage products by the Caliper microfluidic bioanalyzer. b Bigger 
deletions induced by the multiplex strategy are analysed by PCR and quantified by the Caliper microfluidic bioanalyzer 
(n=2 or 3 independent experiments for each transduced MRC5 cells). 

The effect of those mutations in the UL122/123 gene on the IE expression was then analyzed by 

western blot. The singleplex and multiplex strategies enabled a strong reduction of the IE1 

expression and nearly abrogated the IE2 expression (Figure 25 C). The unexpected strong 

decrease of IE protein expression by the multiplex strategy is probably due to a combination of 

large deletions (5%) as analyzed by PCR and indels at each target site itself. Furthermore, the cut 

by the gRNA/Cas9 and the subsequent repair takes at least 5 hours362, which delay the IE 

expression, even if the gene is correctly repaired. The viability of the cells could not be assessed 

by western blot, but pretests of viral growth kinetics on MRC5 cells have shown that there is no 

viral induced cytopathic effect on the cells three days pi at an MOI of 0.1 (Figure 25 D). Moreover, 

the slightly higher expression of IE in the unsp. gRNA MRC5 cells in comparison to the control cells 

shows that the transduced cells are equal or even more susceptible to the HCMV infection than 

non-transduced MRC5 cells. Together, this confirms that the observed inhibition of IE expression 

is specific to the anti-HCMV CRISPR/Cas9 approaches. 
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Figure 25: Anti-HCMV CRISPR/Cas9 system induces mutations resulting in the decrease of IE protein expression 
in primary fibroblasts: MRC5 cells were transduced with one of the three LV type 3 and selected by puromycin 
treatment (2µg/mL) for two days. Control (untransduced) and puromycin-resistant MRC5 cells were 
subcultured prior to be infected with Toledo (MOI 0.1). Two days pi, proteins and DNA were extracted from the 
infected cells via the TriPrep Kit. A) Viral DNA extracts were PCR-amplified at the target region. Amplicons were 
subsequently subjected to the T7 endonuclease to detect indels induced by the singleplex strategy. B) PCR 
amplicons of the whole IE gene were analyzed to detect bigger deletions induced by the multiplex strategy. The 
arrows highlight the indels (singleplex) and bigger deletions (multiplex) induced by the anti-HCMV 
CRISPR/Cas9 strategies. (one out of three independent experiments is shown). C) Western Blot analysis of the 
IE and Cas9 expression two days pi (one representative western blot out of 3 independent experiments is 
shown). D) MRC5 cells infected with HCMV (MOI 0.1) were harvest 3 days pi, stained with the fixable Life/Dead 
stain Kit and intranuclear IE expression and analysed by FACS (n=1) 

Here we show that anti-HCMV CRISPR/Cas9 strategies disturb the viral genome at the target site, 

which results in a strong decrease of IE protein expression.  

1.3.3.2 Stable expression of the anti-IE CRISPR/Cas9 system induces mutations in the UL122/123 

gene in HCMV-infected U373-MG cells 

Since the Cas9 expression was not stable in MRC5 cells, we decided to perform a more detailed 

analysis of the efficiency of the singleplex and multiplex strategies in a HCMV-permissive 

astrocytoma cell line (U373-MG). These cells support a full lytic replication cycle of HCMV. As 

descripted before, U373-MG were transduced with the LV type 1 and FASC-sorted based on the 

Cas9-GFP expression (chapter IV-1.3.2, Figure 23).  

The three transduced U373-MG cell lines were infected with three different low passage HCMV 

strains: TB40GFP, Toledo and VR1814493. The HCMV viral genome was extracted eight days pi to 

analyze mutations induced by the gRNA/Cas9. The efficiency of both, the singleplex and multiplex 

strategies, was assessed as described before with the MRC5 cells. The singleplex strategy yielded 

30–50% indels (Figure 26 A and B, and Table 13) thus slightly higher than in the MRC5 cells. For 

the multiplex strategy, a major amplification of 500 bp (Figure 26 C and D,) representing the 

deletion of the target region between gRNA1 and gRNA3, and a smear above, representing smaller 

deletions, were detected. The quantification of this band and the smear above in comparison to 
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the WT band revealed that up to 95% of the viral genome was affected by the multiplex strategy 

(Table 13). Importantly, all three viral strains tested were similarly efficiently targeted showing 

the universal usage of our anti-UL122/123 gRNAs (Table 13).  

 

Figure 26: Mutations in the UL122/123 gene induced by the CRISPR/Cas9 system anti-HCMV in U373-MG cell 
line: Control and transduced U373-MG cells were infected with HCMV (Toledo, MOI 1) and cultured for eight 
days. Viral DNA was extracted and PCR amplified. A) T7-assay was performed on the PCR amplicon of exon 2 to 
detect indels induced by the singleplex strategy. B) Electrogramm of the T7 assay by the Caliper LabChip 
analysis for the in the unsp. gRNA and singleplex strategies. C) Large deletions induced by the multiplex 
strategy were highlighted by analyzing the whole UL122/123 gene amplicon. D) Electrogramm of the PCR by 
the Caliper LabChip analysis identify a major amplicon of 500 bp and a smear above for the multiplex strategy. 
Arrows highlight the indels (singleplex) and bigger deletions (multiplex) induced by the anti-HCMV 
CRISPR/Cas9 strategies. One representative experiment out of three is shown for Toledo, similar data were 
found with TB40GFP and VR1814 (n=3 independent experiments per virus strain) LM, lower marker; UM, 
upper marker. 

Table 13: Relative quantification of CRISPR-induced mutations in UL122/123 gene in U373-MG cells 

HCMV strain 

Mean in % ±SD 

control unsp. gRNA singleplex a multiplex b 

TB40-GFP 0 0 50.63 ±9.25 95.18 ±5.47 

Toledo 0.28 ±0.69 0.09 ±0.22 31.18 ±5.18 92.14 ±4.69 

VR1814 0.86 ±1.62 1.83 ±3.09 46.46 ±11.78 80.00±8.58 

Mean percentages of indels are presented. a The efficiency of the singleplex strategy to induce mutations is analysed based 
on the T7 assay and quantified by the Caliper microfluidic bioanalyzer. b Detection of deletions induced by the multiplex 
strategy are analyzed by PCR and quantified by the Caliper microfluidic bioanalyzer (n=3 independent experiments per 
virus strain). 

Overall, the multiplex strategy was more efficient than the singleplex strategy and showed 

significant higher yields of mutations in the viral genome. 
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1.3.3.3 Dramatic decrease of IE protein expression in HCMV-infected U373-MG cells expressing 

gRNA/Cas9  

We analyzed, if the induction of mutations in the IE gene led to a concomitant reduction of IE 

expression in the different U373-MG cell lines, two and eight days pi, with three different viral 

strains. The unsp. gRNA cell line was equally permissive to HCMV infection compared to 

untransduced control cells for the three HCMV strains tested suggesting that there was no effect 

of the Cas9/unsp. gRNA on the viral infection (Figure 27 A and B). HCMV-infected singleplex 

U373-MG cells showed a reduction of IE positive cells of up to 50 % with TB40GFP or Toledo at a 

high MOI (1). The multiplex strategy was significantly more efficient than the singleplex and 

reduced the amount of IE positive cells by 75-85% (Figure 27 A and B). The endotheliotropic 

HCMV strain VR1814 could only be used at a low MOI (0.1). In this condition, the singleplex 

strategy was already significant to reduce the IE expression by up to 75 % (Figure 27 A and C). 

The decrease of IE positive cells by the multiplex strategy reached up to 95% for VR1814. In 

comparison to the strains, TB40GFP and Toledo, at a low MOI, the effect on IE reduction was also 

stronger than with an MOI of 1 (Figure 27 C). Subsequent analyses for TB40GFP and Toledo were 

done with an MOI of 1 to strongly challenge the anti-viral CRISPR/Cas9 system. Comparing the 

effect of both strategies between day two and day eight pi, it appears that the decrease of IE 

expression was stable over time when cells were infected with TB40-GFP. The IE expression 

decreased significantly over time in cells harboring the multiplex strategy infected with Toledo 

(MOI 1). In U373-MG cells, HCMV did not induce a significant cytopathic effect as shown in Figure 

27 D comparing the viability of infected to non-infected cells. Still, on day 8, cell viability was 

reduced. However, this mortality is due to prolonged culture without media refreshment (to not 

interfere with the amount of released virions and the readout of the assay). In conclusion, the 

observed IE inhibition was indeed induced by the anti-viral CRISPR/Cas9 approaches and are not 

an artifact due to virus-induced mortality. 

A western blot analysis was performed to analyze both major IE splice variants (IE1 and IE2). The 

expression of both IE variants was impaired by the anti-UL122/123 CRISPR/Cas9 system with a 

higher effect on IE2 than on IE1. Importantly, the IE2 expression was undetectable with the 

multiplex strategy for Toledo and VR1814 (Figure 27 E), which could point out a possible knock-

out of IE2. We also analyzed the expression of the Cas9 by western blot and could confirm a stable 

and comparable expression level of the Cas9 in all three U373-MG cell lines. Mutations induced by 

the singleplex and multiplex strategies led to a significant and stable decrease of the number of IE 

positive cells over time and to almost undetectable levels of the IE2 protein. 
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Figure 27: Decrease of IE expression by the HCMV targeting CRISPR/Cas9 systems: Control and transduced 
U373-MG were infected with HCMV and harvested at two or eight days pi. A) Representative FACS histograms 
of intranuclear IE expression eight days pi are shown for all U373-MG cell lines and three different viral strains. 
IE stain was analysed on live cells. The grey histogram represents uninfected U373-MG cells. B and C) IE 
expression on the different U373-MG cell lines normalized to HCMV-infected control U373-MG cells (dash line) 
(n=3 to 5 independent experiments). One-way ANOVA, multiple comparison tests, were performed to compare 
the results within the different cell lines and are presented in the table under each graph. Mann Whitney tests 
were performed to analyze each cell lines over time (day 2 pi vs day 8 pi). The only statistical difference is noted 
in the graph. D) Representative FACS blots of cell viability analysis of non-infected versus HCMV (MOI 1) 
infected MRC5 cells stained with the fixable Life/Dead stain kit at day 2 and 8 pi. E) Western Blot analysis of 
protein extraction obtained using TriPrep kit eight days pi (one representative western blot out of 3 
independent is shown for each virus strain as well as for the uninfected control U373-MG cells).  
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1.3.3.4 The multiplex strategy is superior over the singleplex strategy to inhibit the viral genome 

replication and late protein expression  

IE proteins are transactivators and induce the production of delayed early proteins, essentials for 

the genome replication, and for the production of structure proteins, needed for the assembly of 

new virions196,494. Thus, the disruption of IE expression abrogates the progression of the viral 

replication cycle. We analyzed eight days pi, the effect of the anti-IE CRISPR/Cas9 strategies on 

the genome replication using a qPCR on the US8 gene. While the singleplex strategy was only 

effective for VR1814 at a low MOI with a decrease of 80% of viral genome copies, we detected 70 

to 90 % less viral genome in U373-MG containing the multiplex strategy compared to the 

untransduced cells for all viral strains (MOI of 1 or 0.1) (Figure 28 A). 

Furthermore, we analyzed the expression of the viral envelope glycoprotein B (gB), by 

intracellular FACS eight days pi. The untransduced control U373-MG cells infected with Toledo 

harbored around 6.5% of gB positive cells (Figure 28 B). The use of gRNA2 alone only slightly 

decreased the percentage of gB positive cells, while the multiplex strategy nearly abrogated the 

gB expression (Figure 28 B and C). The expression level of gB for TB40GFP (MOI 1) and VR1814 

(MOI 0.1) was not high enough to be detected by FACS analysis. 

 

Figure 28: Reduced progression of the viral replication cycle by the multiplex strategy: Transduced and control 
U373-MG cells infected with HCMV were harvested eight days pi. A) Relative viral genome quantification 
normalized to HCMV-infected control U373-MG cells (dash line) (n=3 independent experiments, +/- SD) One-
way ANOVA, multiple comparison test, was performed and significant differences in comparison to the control 
are mentioned. B) Cells were FACS stained for total gB expression. Representative dot plots of total gB 
expression after infection with Toledo. gB stain was analysed on live cells. C) gB expression normalized to 
HCMV-infected control U373-MG cells (dash line) (triangles: unsp. gRNA; dots: singleplex; diamonds: multiplex) 
(n=4 independent experiments). One-way ANOVA, multiple comparison test, was performed. 

Overall the progression of the viral replication cycle was dramatically impaired by the multiplex 

strategy, as shown by a strong reduction of the genome replication and by the decreased 

expression of the late envelope glycoprotein B.  
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1.3.3.5 The anti-HCMV multiplex strategy strongly impairs virion release from U373-MG cells 

The multiplex anti-UL122/123 CRISPR/Cas9 system efficiently decreased gB expression and 

genome replication. To assessed the production of infectious viral particles, we established a 

trans-infection plaque assay based on direct cell-to-cell transfer of the virus, because U373-MG 

cells only poorly secrete HCMV particles in the extracellular space495. Control U373-MG cells and 

the unsp. gRNA cell line, infected with TB40GFP reached a trans-infection plaque-titer of around 

2500 plaques/10^5 cells (Figure 29 A). Singleplex U373-MG cells released 32 % less infectious 

virions (1600 plaques/10^5 cells). Importantly, targeting the UL122/123 gene with the multiplex 

strategy decreased virion release by 80 % in average (Figure 29 A) (436 plaques/10^5 cells). In 

comparison, Toledo was produced in much higher amounts by the control and unsp. gRNA cells 

(7287 plaques/10^5 cells) (Figure 29 B). While the singleplex U373-MG cells released 67 % less 

infectious virions (4925 plaques/10^5 cells), multiplex U373-MG cells showed a remarkably 98 

% inhibition of virion release (156 plaques/10^5 cells, Figure 6b). 

 

Figure 29: Inhibition of virion release by the CRISPR/Cas9 systems anti-HCMV. Trans-infection plaque assay of 
infected U373-MG cells over MRC5 cells incubated in solid media. Plaque formation was observed seven to 14 
days post trans-infection with TB40GFP-infected U373-MG cell lines (A) or Toledo-infected U373-MG cell lines 
(B). Each symbol represents medians of duplicates obtained in independent experiments. One-way ANOVA, 
multiple comparison test, was performed and only significant differences are mentioned in the figure. 

In conclusion, the multiplex anti-HCMV CRISPR/Cas9 system strongly inhibits the production of 

infectious viral particles and efficiently prevents viral spreading in vitro. 
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 Discussion 

HCMV is a widely spread infection in the human population and can cause severe end organ 

diseases in immunosuppressed patients such as solid-organ or HSC transplanted patients. 

Treatments exist, but are only efficient on replicative virus and have no effect on the latent virus 

pool. Here, we proposed an anti-viral strategy expected to be applicable for both lytic and latent 

viral infections. Using CRISPR/Cas9, we excised several exons from the essential UL122/123 gene 

and further blocked IE-dependent steps of the viral replication life cycle. 

 Our anti-HCMV CRISPR/Cas9 strategies are competitive with actual state-of-the-art 

anti-viral CRISPR/Cas9 designs 

We designed two CRISPR/Cas9 strategies to knock-out the UL122/123 viral gene based on one or 

three gRNAs. The UL122/UL123 gene encodes the Immediate Early molecules, IE1 and IE2, which 

are the first molecules expressed during the replication cycle and are essentials for the end of 

latency. Whereas IE2 is known to be essential for the viral replication193,201,196 and is expressed at 

first in the lytic replication cycle496; IE1 is more responsible for transcriptional activation of 

immediate early and delay early promoters by the inhibition of HDACs 188,189 and is only essential 

for infections with a very low MOI192,194,203. Furthermore, the IE molecules are necessary for the 

initiation of reactivation from latency and a splice variant of IE1 is essential for the viral genome 

maintenance during latency234. The destruction of the UL122/123 gene would therefore not only 

be efficient to inhibit the lytic replicating virus, but would also prevent the reactivation from 

latency and the persistence in the host cell. Moreover, Formivirsen, an approved anti-CMV-

retinitis drug, is based on an antisense oligonucleotide targeting the UL122/123 gene and is 

efficiently blocking local HCMV replication271. Consequently, the UL122/123 gene is a suitable 

target for an anti-HCMV CRISPR/Cas9 system.   

Our two anti-UL122/123 CRISPR/Cas9 strategies are competitive with the actual state-of-the-art 

anti-viral CRISPR/Cas9 design. Classically, singleplex strategies target one essential viral gene 

somewhere inside the ORF. We designed here a singleplex strategy targeting close to the start 

codon in order to not just depend on frameshift mutation, but also disrupt the start codon itself. 

The multiplex design is an advancement of the singleplex strategy and aims to excise the entire 

ORF or the UL122/123 gene. It is expected to enhance the efficiency of the anti-viral effect as 

shown before for EBV, HSV and HBV460,474. The novelty of our multiplex strategy is the focus on 

only one essential gene, while other groups build their multiplex strategies usually against several 

genes. Since the UL122/123 gene is the absolute essential key regulator directly in the beginning 

of the viral replication cycle, the inhibition of this gene leads to an abrogative replication 

cycle193,201. Three gRNAs targeting one gene are expected to excise the UL122/123 gene. However, 

in the case of repair in stet of excision, the ORF will still be disrupted at three independent 

positions and therefore would also prevent the MIE expression. Moreover, recently researchers 

have reported that the virus can escape the CRISPR/Cas9 system, if only one gRNA is used or if 

the cleavage efficiency of the gRNA/Cas9 complex is low474,482,486. Using three gRNAs is supposed 

to prevent viral escape, because three simultaneous in-frame mutations needs to occur in the viral 

genome to escape our multiplex strategy.  

Van Diemen et al. tested the CRIPSR/Cas9 system against HCMV with a singleplex strategy474. They 

focused their main target sites in the delay early antigens, mostly proteins necessary for the 

genome replication. This singleplex strategies achieved short time inhibition of viral replication. 

However, the immediate early genes are still expressed and can cause side effects on the cell 
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viability in terms of cell cycle regulation and cytokine release206,210. Moreover, in case of clinical 

settings, the MIE are directly involved in some pathologies. For example, in congenital infections, 

IE2 is involved in the inhibition of apoptosis and interferes with the embryogenesis. It can also 

induce smooth muscle cell migration, which is leading to uncontrolled inflammation and 

proliferation and narrows the blood vessels46. Consequently, this leads to vascular injuries with 

hypoxia and brain damage of the foetus. In glioblastoma patients, the MIE are associated with 

immortalization and stem-like phenotype of the cells100 and decreased tumour-suppressor gene 

expression103,106. Even though, van Diemen did not claim any future application options, the 

chosen target sites at delay early genes might be not optimal for all HCMV-associated pathologies.  

Here, we improved the HCMV-targeting by choosing an earlier target gene (immediate early) and 

three gRNAs on the same gene to block viral protein expression and to prevent the further steps 

of replication cycle. Our anti-IE CRISPR/Cas9 systems are supposed to have a broader potential 

application field for most of the HCMV-caused diseases.  

 Delivery of the singleplex and multiplex strategies into the target cells 

As shown for a duplex strategy against HIV485 and a multiplex strategy against HBV467, only a 

prolonged anti-viral Cas9/gRNA exposure can abolish the viral replication and reactivation 

entirely. Therefore, we chose LVs to delivery our CRISPR/Cas9 approaches. Furthermore, looking 

forward to possible clinical applications in the future, LVs are already an approved delivery 

method for ex vivo cell modification before injection into a patient497,498. One can imagine the 

treatment of HCMV-infected HSC with an LV containing the anti-viral CRISPR/Cas9 system to 

prevent HCMV reactivation and replication in the recipient. 

For the proof of concept of our anti-UL122/123 CRISPR/Cas9 strategies, we transduced HCMV-

permissive cells with the LVs. To assess the full effect of the new anti-viral strategy, the transduced 

cells needed to be selected to exclude HCMV background replication in non-transduced cells. 

U373-MG cells allowed LV transduction and selection without complications. In contrast, the 

primary fibroblasts (MRC5) were more sensitive to transduction and different selection 

procedures. FACS-sort of transduced MRC5 cells was of low purity, due to their large shape was 

interfering with the optimal sort conditions. Prospectively, a recently acquired new FACS-sorter 

(Moflo) may allow the sort of large and dense cells for future applications as an easier and faster 

way to select transduced MRC5 cells. Surface expression marker selection failed, because of 

insufficient transgene expression. Finally, antibiotic resistance was used to select Cas9+ MRC5 

cells. Unfortunately, the LV transduction itself was very rough on the MRC5 cells and induced a 

high mortality. In general, LV transduction is possible for MRC5 cells, as shown by others474. 

However, the possible problem could be the purity of the LV production. We produced the LVs by 

our self. The production protocol only included to removal of bigger fragments by filtration (45 

µm) and centrifugation. Potential toxic secrets from the producer cells still remained inside the 

LV stock and might have influenced the viability of the MRC5 cells. A three-week recovery phase 

finally give rise to Cas9/gRNA expressing MRC5 cells. However, the long procedure to gain the 

transduce cells only allowed a limited number of short experiments before cells enter into 

senescence. 
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 Cleavage efficiency of the anti-UL122/123 CRISPR/Cas9 approach on the viral 

genome 

In general, the efficiency of the CRISPR/Cas9 system depend on the amount of gRNA/Cas9 

complexes available inside the cells, on the chromatin condensation and epigenetic factors, and 

on the copy number of the target sequence. In our experimental design, the cells were transduced 

with an LV containing the gRNAs/Cas9. We did not subclone the cells or analysed the copy number 

of the transgene integration. The idea was that in clinical application, the overall aim of the 

development of such an anti-viral CRISPR/Cas9 system, primary cells could not be subcloned. 

Analysing the stability and efficiency of the cell bulk with slight variability inside the culture is 

more accurate considering the major aim. However, the expression level of the Cas9 was 

comparable in the three different U373-MG cell lines allowing the comparison of the different 

strategies.  

The efficiency of the singleplex strategy was analysed by T7 assay, a standard assay used to assess 

the frequency of indels at the target site. It is based on a PCR amplification of the target region, 

denaturation and reannealing of the PCR fragment, and digestions of the reannealed PCR products 

by the T7 endonuclease detecting small mismatches. We detected 30-50% indels at the target site 

by an infection with an MOI of 1 for TB40GFP and Toledo and 45% indels for infection with 

VR1814 (MOI 0.1). This suggests that the viral load have only minor influence on the cleavage 

efficiency. However, the T7 assay only allows the detection of indels in general and does not give 

information of the type of mutations induced. To have a more detailed analysis of the type of 

mutations induced, TIDE would be a method of interest giving the information about the size of 

each insertion/deletion. Therefore, the frequency of in-frame mutations could be assessed easily, 

as a first information about possible viral escape mutants. Testing the viral genome with TIDE 

would be an interesting perspective to analyse the singleplex strategy, especially in a time course 

experiment to see the possible acquisition of escape variants. Finally, to assess in detail the type 

of mutations induced, the total pool of viral genomes from treated cells would need to be analysed 

by next generation sequencing allowing then the exact identification of possible escape mutations.  

For the analysis of the multiplex strategy, we presented here the simple ratio of WT PCR products 

versus mutated PCR products and detected 80-95% deletions at the target region. Unfortunately, 

the PCR amplification is biased here, because smaller products (with large deletion cause be the 

multiplex strategy) are favoured over the long WT sequence. Nearly all standard assays 

(sequencing, TIDE, RFLP) are influences by this. The only possible method could be the use of two 

quantitative PCR, one amplifying a sequence in the target region e.g. exon 5, which would be 

deleted by the multiplex strategy, and on amplifying a sequence elsewhere in the viral genome. 

The ratio of both qPCRs would give information about the frequency of large deletions, but would 

not consider indels at each target region itself. Since nearly all read out methods for the real 

frequency of mutations (large deletions and indels) are biased in some way, we decided to focus 

on the functional read out of the anti-UL122/123 CRISPR/Cas9 system: the target gene expression 

and the effect on the viral replication cycle itself. 

 Targeting the UL122/123 gene at multiple target site is more efficient to inhibit viral 

replication than a single target site 

In this study, we challenged cells, pretreated with the singleplex or the multiplex strategy, with 

three different HCMV viral strains. When cells were infected at a low MOI (0.1), the singleplex 

strategy was efficient at decreasing the expression of IE molecules. Interestingly, the analysis of 
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the splice variant expression showed a possible knock-out of IE2 and a very strong decrease of 

IE1. Both variant are essential at this MOI, which explains the subsequent inhibition of the 

replication cycle. As expected, the reduction of IE molecules by the singleplex strategy for the viral 

strains Toledo and TB40GFP at a higher MOI (1) is not sufficient to prevent viral replication. The 

expression of a low amount of IE2 under this conditions, was probably sufficient to start the 

replication cycle and could be boosted by the positive autoregulation of IE1 as already proposed 

by others194. Van Diemen and colleagues also used a singleplex strategy anti-HCMV to target delay 

early genes with different efficacies at impairing the viral replication, even when a very low MOI 

(0.05) was used474. Furthermore, simultaneously targeting of the viral genome with several gRNAs 

completely abolishes the viral cycle as shown so far for HSV-1, HIV and HBV466,474,485. In line with 

this, we confirmed that targeting HCMV with a multiplex strategy was more efficient than a single 

gRNA. It abrogated IE expression at low and high MOI and led to a subsequent blockage of the 

viral replication cycle. Importantly, our multiplex strategy was effective on the three viral strains 

tested thus opening perspectives for its use for clinical application. 

 Comparison of the standard anti-HCMV treatments with our new anti-HCMV 

CRISPR/Cas9 approach 

The use of RNA-guided endonucleases offers advantages over the actual standard treatment for 

HCMV infections, which are Ganciclovir and Foscarnet. They block the productive infection of 

HCMV by targeting the viral polymerase UL54499. This improves the health of patients facing 

HCMV diseases significantly, but side effects such as nephrotoxicity and myelosuppression are 

essential problems for the patient. Developing CRISPR/Cas9 strategies targeting the viral genome 

with low/no homology to the human genome should be less toxic and have no proven 

myelosuppressive effects.458 Moreover, nowadays several high-fidelity Cas9s373,374 have been 

shown to significantly reduce off-targets. As previously mentioned, controlling IE proteins 

expression was already used in clinic for CMV retinitis in HIV-1 patients before the development 

of highly active anti-retroviral therapy. The limit of such a strategy involving oligonucleotides is 

that the effect is only transient and usually does not completely inhibit the protein expression. As 

shown by Hamilton and colleagues500, the knock-down of HCMV by siRNA targeting UL122/123 

mRNAs reduces viral replication and virion release. However, the application of siRNA is very 

transient and would not prevent HCMV replication over a longer time course. In contrast, the 

mutations or deletions induced by the CRISPR/Cas9 system are permanent and can provide a 

long-term protection, if all viral genome copies are efficiently targeted.  

 Viral escape from anti-viral CRISPR/Cas9 systems 

Drug-resistances to Ganciclovir and Foscarnet are due to mutations in the kinase UL97 or 

polymerase UL54 genes499,266. Escape mutations against an anti-viral CRISPR/Cas9 singleplex 

system has been shown before on HIV482,483,  and on HCMV474. For example, the proposed anti-

HCMV CRISPR/Cas9 systems by Van Diemen et al. using one gRNA targeting essential viral genes 

involved in viral genome replication gave rise to viral escape mutations. Those viral genomes 

harbored in-frame mutations, after being targeted by the anti-viral gRNA/Cas9. The probability 

of an escape mutation would be significantly lower with a multiplex strategy, because the cut 

within several targets leads nearly always to the deletion of parts or the complete targeted region 

and not just to small indels. Moreover, two studies on HIV have also shown that the duplex strategy 

can prevent escape mutations and viral breakthrough replication485,486. They have proven that the 

combination of several gRNAs diminishes the probability of in-frame mutations and that a longer 
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exposure to Cas9/gRNAs increases the frequency of bigger deletions in the viral genome. 

Furthermore, a more extensive multiplex strategy was successfully used against EBV, whose 

genome of 170 kbp could be destroyed entirely in Raji cells by the use of seven gRNAs 

simultaneously473. Our multiplex strategy is expected to prevent the viral escape as described for 

the other viruses. It induced mainly large deletions (80-95%) after an exposure of only eight days. 

Moreover, to reach this goal, high Cas9 expression is needed to target all copies of the viral genome 

before the expression of the IE molecules, which occurs as early as three hours after HMCV 

infection 496,501. It has been shown by Richardson et al. that the Cas9 stays for around 5.5 h attached 

to the DNA after cleavage and therefore is not available to cut further target sites362. During lytic 

replication, the viral genome copy number increases rapidly exponential and it might not be 

possible for the Cas9/gRNA complex to target all copies. During natural latency in mononuclear 

cells from G-CSF mobilized blood or bone marrow no more than 13 viral genome copies are 

present per cell 502. As a consequence, low Cas9/gRNA expression is expected to target all viral 

genome copies in a manageable exposure time.  

 Conclusion 

In conclusion, we gave the proof-of-concept that targeting the UL122/123 gene of HCMV genome 

with a multiplex strategy is efficient to affect the viral genome and to inhibit the virion release by 

up to 98%. In this study, we showed that even a singleplex strategy is efficient at inhibiting viral 

replication, if a low MOI is used. The multiplex strategy is superior over a single gRNA at low and 

high MOIs. Thus, these results pave the way to the development of a promising new therapeutic 

strategy that could be applicable to treat a hematopoietic stem cell suspension. Challenges for 

such a pre-emptive CRISPR/Cas9 therapy involves an optimized ex vivo delivery system, the 

selection of the targeted cells and the use of a high-fidelity Cas9373,374. 

 

Please find our submitted paper in the Appendix (X1). 
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 Hypothesis 2  

Targeting the viral genome at multiple sites, which are chromatin 

open during latency, enable the fragmentation of the viral genome and 

may clear the HCMV infection from the host cell.  

  

Box 8: Graphical abstract of the hypothesis 2 

A: Reactivation of HCMV leads to genome replication and the production of new virions. 

 

B: Cutting the viral genome at multiple target sites leads to the fragmentation of the viral 

genome and the loss of the viral genome form the infected cell. To destroy the viral genome 

in latency only chromatin open genome regions are targeted. 
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1 Validation of the duplex strategy on the lytic 
replicating virus 

 General principle 

Another aim of this thesis was to prevent HCMV reactivation from latency. One important feature 

to consider is that the HCMV genome is chromatin condensed during latency, which interferes 

with the ability of the Cas9 to target the viral genome. For HSV, it has been shown that there is no 

cleavage activity in viral genes, which are silenced in latency474. In collaboration with Benjamin 

Rauwel, we analysed the chromatin association of the UL122/123 gene of HCMV and detected a 

wide chromatin condensation of this region. Consequently, this might be a problem for our 

singleplex and multiplex strategies, which were introduced in chapter IV. Therefore, it is 

necessary to validate our strategies in a latency model, because all of the gRNA target regions are 

silenced during latency.  

The difficulty for the gRNA design against latent viral genomes is that most latency associated 

genes are non-essential for the viral replication or genome maintenance. So far, one MIE splice 

variant, IE1x4, is known to be necessary for genome maintenance234. The multiplex strategy 

excised the entire UL122/123 gene and therefore would also prevent the IE1x4 expression, but 

the accessibility of the multiplex target regions is unknown. Therefore, we created a duplex 

strategy, which only targets regions of the viral genome, which have been shown to be 

chromatin open during latency. Most of the latency associated transcripts (LAT) are 

responsible for immune evasion503. UL138, the major LAT, promotes latency by inhibiting the MIE 

expression232. Those genes are not suitable as target genes during latency. Their knock-out would 

either have no effect on the reactivation and lytic replication cycle or would even induce the 

reactivation directly. LUNA is the only LAT, which is essential for reactivation, even though the 

molecular mechanism is still unknown250. As shown by us in the first hypothesis and by 

other482,486, a singleplex strategy is not sufficient to permanently block viral replication and 

promote viral escape. Either a duplex strategy targeting two essential viral genes or a multiplex 

strategy fragmenting the viral genome is necessary to give rise to a full protection. Due to the lack 

of further essential genes, which are active during latency, we decided to follow the model from 

Wang et al., who created several multiplex strategies to destroy the viral genome of EBV473. He 

showed that three and seven gRNA are sufficient to destroy the viral genome. However, the 

delivery of extended multiplex strategies is difficult and often inefficient. Therefore, we 

designed a duplex strategy consisting of two gRNAs to fragmentize the viral genome. One 

gRNA targets LUNA, which is essential for reactivation, and the second gRNA targets the two 

homologous TR regions. The TR regions are also chromatin open, as shown by Rossetto et al.504 

and partly associated with the viral genome maintenance inside the cell234. They also encode two 

proteins, TRS1 and IRS1, which are essential for immune evasion during lytic viral replication. We 

assumed that targeting the viral genome at these three positions distributed over the entire viral 

genome would lead to the destruction of the viral genome and a HCMV-free cell. Moreover, in case 

of an imperfect destruction of the viral genome, the disruption of the ORF of LUNA should disable 

the reactivation from latency.  

In order to test our hypothesis, we first validated the duplex strategy during lytic viral replication. 

Subsequently, we wanted to use a hematopoietic stem cell progenitor cell line, Kasumi-3. These 

cells are permissive for HCMV and allow the establishment of a latent HCMV infection and 



 

  Hypothesis 2 110 

reactivation after stimulation with TPA or TNF-α505–507. We aimed to prove that this duplex 

strategy targets the HCMV genome in latency, prevents reactivation and reduces the 

amount of viral genomes in the cells.  
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 Methods 

 LV cloning 

The gRNAs for the duplex strategy were designed by the CRISPOR web tool (TEFOR/CNRS 

network (http://tefor.net/crispor/crispor.cgi)). A gRNA cassette with two promoters (U6 and 

7SK) each controlling one gRNA was designed and synthesised (GeneScript, Piscataway, USA). 

Subsequently, the duplex gRNA cassette was inserted in the third LV backbone SpCas9-P2A-

Puromycin resistance by EcoRI and PacI (chapter IV1.2.1, 

Figure 17 C). 

 PCR 

Cellular and viral DNA were extracted from infected MRC5 cells by the NucleoSpin TriPrep Kit 

(Macherey-Nagel, Düren, Germany). The target region of the gRNA6 (LUNA) was PCR amplified by 

the Herculase II Fusion Enzyme with dNTPs Combo kit (Stratagene, Agilent Technologies, CA, 

USA) with the following primers: F: GTGAGAGCCCCGTTGTTACC, R1: CATCCACTTTTTCCGCCGTG. 

The re-ligation site of LUNA and the TR2 region was amplified by the primers: F (see above) and 

R2: CGTGGCTGAGGGTGTAGAAG. 

 qPCR US8 

Total DNA from infected MRC5 cells was extracted by the NucleoSpin TriPrep Kit (Macherey-

Nagel, Düren, Germany) or viral DNA from the supernatant was extracted by the 

NucleoSpin® RNA Virus (Macherey-Nagel, Düren, Germany) and further diluted in water (1:10-

1:10000). US8 region was amplified with the following primers F: GGCACCAAATGCAGAGTGAG R: 

AAGCCGTATTCCGTTTGCG and the probe: BHQ-1 TGGTCCAAGTCCGTGGGCACC 6-FAM.46 and 

analysed on the StepOne plus qPCR machine. 

 

Further methods were explained in the previous chapter: Hypothesis 1 – methods (IV1.2). 
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 Results 

 Design gRNA 

The duplex strategy consists of two gRNAs targeting the two TR regions and LUNA (UL82-82 anti-

sense-transcript).  

 

Figure 30: Schema of the target regions of the duplex strategy. gRNA6 targets LUNA, which is located in the UL 
region. gRNA7 targets both homologous TR regions. Together these gRNAs cut the viral genome into three parts 
of 30 kb, 81 kb and 120 kb. 

The gRNA targeting LUNA was designed by using the CRISPOR web tool. The sequence of the UL82-

82 anti-sense-transcript was provided as the target region and the human genome was used as a 

reference for the calculation of off-target potentials. The most efficient gRNA options were aligned 

with 14 different HCMV strains (Table 15) and one gRNA targeting a conserved region was 

selected with a high selectivity score of 86 (Table 14). The second gRNA design to target the TR 

region was more complex. The TR region is a structural, mainly non-coding repeat region. This 

means, the sequence is not as highly conserved as the essential viral genes. The optimal target 

would have been the TRL region, which is bound by IE1x4 to maintain the viral genome inside the 

cell234. Unfortunately, the alignment of different viral strains did not show any conserved region. 

Extended alignments of the entire TR region detected the TRS region as partly conserved, because 

it overlaps with the ORF for TRS1/IRS1 (Table 16 and Table 17). Those genes are immediate early 

genes and at least one needs to be expressed by the virus to assure viral replication (both proteins 

have the same function)508. They are responsible for the immune evasion from the innate immune 

response induced by dsRNA intermediates of the virus during viral replication. They inhibit the 

protein kinase R (PKR), which usually would activate the eukaryotic translation initiating factor 

2α (eIF2α) leading to the shutdown of total protein expression509.  More important, all the target 

regions are distributed throughout the entire viral genome so that a re-ligation of the different 

fragments is less likely. The three target sites by our two gRNAs digest the viral genome in three 

fragments with the size of 30 kb, 81 kb and 120 kb (Figure 30). This should be sufficient to destroy 

the viral genome as shown for EBV473. Duplex strategies targeting the host cells genome also have 

proven that the excision of up to 100 kb is possible510. 

 Table 14: gRNA for the duplex strategy 

 Sequence Length Specificity 

score 

Number of off targets 

gRNA 6 AATCCGTACGGCCGTCCGAGCGG 20 nt 98 4  (min. 3 mismatches) 

gRNA 7 GGACTCCATCGTGTCAAGGACGG 20 nt 86 76 (min.  3 mismatches) 
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Table 15: Alignment of the gRNA 6 target region in the gene UL82-83 anti-sense-transcript (LUNA) 

TB40/E  GATGAGAGGTCATCTTCGTCGTCCTCTTCCTCTTCTT   CCTCCTCTTCCTCGGTGGGTGGTAATCCGGGGGACTGCGGGAGAAACTCGGA 

3157 *************************************   **************************************************** 

3301 *************************************   **************************************************** 

AD169 **G**********************************   **************************************************** 

AF1 **G**********************************   **************************************************** 

HAN13 *************************************   **************************************************** 

HAN38 **G**********************************   **************************************************** 

JHC **G**********************************   **************************************************** 

JP **G**********************************   ****************************T**C**T***************** 

Toledo **G***********G**********************CTT**************************************************** 

Towne **G**********************************   ****************************T**C**T***************** 

U8 **G**********************************   **************************************************** 

U11 *************************************   **************************************************** 

VR1814 *************************************   **************************************************** 

Green: gRNA-PAM, yellow: nucleotide substitution, light blue: insertion 

 

Table 16: Alignment of the target region of gRNA7 in the TRS1 region 

TB40/E  CCAACAGCACGGGCCGCGCCATGCGCAAGTGGTCGCAGCGCGACGCGGGCACGCTGCTGCCGCTCGGACGGCCGTACGGATTCTACGCGCGG 

3157 ************C******************************************************************************* 

3301 *************************************************************************************T****A* 

AD169 ******************************************************************************************** 

AF1 **************************************************G***************************************** 

HAN13 ******************************************************************************************** 

HAN38 ******************************************************************************************** 

JHC ******************************************************************************************** 

JP ******************************************************************************************** 

Toledo ****************************************************A*************************************** 

Towne ******************************************************************************************** 

U8 ******************************************************************************************** 

U11 ******************************************************************************************** 

VR1814 ******************************************************************************************** 

Green: gRNA-PAM, yellow: nucleotide substitution  
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Table 17: Alignment of the target region of gRNA7 in the IRS1 region 

TB40/E  CCGCGCGTAGAATCCGTACGGCCGTCCGAGCGGCAGCAGCGTGCCCGCGTCGCGCTGCGACCACTTGCGCATGGCGCGGCCCGTGCTGTTGG 

3157 *******************************************************************************G************ 

3301 *T****A************************************************************************************* 

AD169 ******************************************************************************************** 

AF1 *****************************************C************************************************** 

HAN13 ******************************************************************************************** 

HAN38 ******************************************************************************************** 

JHC ************************************G******************************************************* 

JP ******************************************************************************************* 

Toledo ***************************************T**************************************************** 

Towne ******************************************************************************************** 

U8 ******************************************************************************************* 

U11 ******************************************************************************************** 

VR1814 ******************************************************************************************** 

Green: gRNA-PAM, yellow: nucleotide substitution  
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 Validation of the duplex strategy on the lytic viral replication  

1.3.2.1 Selection of primary fibroblast cells stably expressing the duplex/Cas9 

For the validation of the duplex strategy against HCMV, MRC5 cells were transduced with LVs 

(SpCas9-P2A-Puromycin resistance) as described in chapter IV1.3.3. In brief, MRC5 cells were 

spinoculated with the LVs for 90 min in the presence of polybrene. Afterwards, the cells were 

cultured for two to three days in fresh complete medium and subsequently treated with 

puromycin for two days. MRC5 cells were further cultured and expanded in fresh medium. After 

a recovery phase of three weeks, remaining cells were treated a second time with puroymycin 

(0.5 µg/mL for 9 days) and were used for infection experiments before they enter senescence 

after another two to three weeks of culture. 

To validate the Cas9 expression, a small portion of MRC5 cells was collected at each sub-culturing 

step and proteins were extracted by the TriPrep Kit (Machinery Nagel, Düren, Germany). As 

shown in Figure 31, the Cas9 expression decreased over time. As described in chapter IV for the 

singleplex and multiplex strategies, the decrease of the Cas9 expression level was not stronger for 

the MRC5 cells transduced with gRNA6 and 7 as compared to the unsp. gRNA leading to the 

conclusion that the duplex gRNAs are not toxic for the cells. However, four weeks after 

transduction only 10% of the original Cas9 expression was left which might interfere with the 

efficiency of the CRIPSR/Cas9 system. (Figure 31 B).   

 

Figure 31: Cas9 expression in MRC5 cells after puromycin selection. MRC5 cells were transduced with the 
different LVs containing a gRNA cassette and SpCas9-P2A-Puromycin. Transduced cells were selected by a two-
day treatment with 2 µg/mL puromycin. At each following sub-culturing step, a part of the transduced MRC5 
cells were collected and total protein was extracted. A) Cas9 expression and loading control actin expression 
were analysed by western blot. B) Relative quantification of the Cas9 expression based on the western blot, 
normalized by the actin expression level (n=1). C) Cell viability was analysed by fixable Life/Dead stain kit by 
FACS. 
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1.3.2.2 Cleavage analysis of the viral genome targeted by the duplex strategy 

The duplex strategy aims to destroy the viral genome by cutting it at the TR regions and in the 

LUNA gene. To analyse the cleavage efficiency, two pairs of primers were designed to either 

amplify the target region of gRNA6 (LUNA) (Figure 32 A) or to amplify a re-ligation of the biggest 

genome fragment, the UL region between TR2 and LUNA (Figure 32 C). The detection of LUNA-PCR 

amplicons confirms that not all viral genome copies are entirely fragmented as hypothesised and 

either are based on uncut or repaired viral genomes. Those amplicons of LUNA were analysed by 

T7 assay to assess the amount of indels and detected 7.8% (±0.38) indels for the MRC5 cells 

infected with Toledo and 9.7 % (±0.02) indels for the infection with TB40GFP. No indels were 

detected in the control MRC5 cells or the MRC5 cells expressing the unsp. gRNA (internal control). 

The results indicate that a proportion of the viral genome is correctly repaired or not cut at the 

LUNA-target site. Yet we cannot conclude, if the TR regions were targeted or if the US region was 

excised for those viral genomes containing the WT LUNA.  

 

Figure 32: Cleavage analysis of the effect of the duplex strategy on the viral genome. Control and transduced 
MRC5 cells were infected with HCMV Toledo at an MOI of 0.1. Four days pi, cells were harvested and total DNA 
was extracted by the TirPrep Kit. A) Schematic representation of the viral genome and the positions of the 
target region of the gRNA and the primers for PCR and T7 assay. B) The target region of gRNA6 (LUNA) was PCR 
amplified by Primer F and R1 and subsequently subjected to the T7 endonuclease. Cleavage products around 
190 and 170 bp represent indels at the target site. C) Schematic representation of the potential re-ligation 
product of the UL region fragment from TR2 to LUNA after gRNA/Cas9 digestion. D) PCR amplification of the UL 
region over the potential re-ligation site by primers F and R2 with the expected size of 4300 bp. One 
representative experiment of three is shown. 

To test if the re-ligation of the biggest fragment of the viral genome after the cleavage of all three 

target sites is possible, a PCR spanning the re-ligation site between LUNA and TR2 was performed 

(Figure 32 A and C). The corresponding primer pair cannot amplify anything from the WT viral 
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genome, because the primer binding sites are 110 kb away from each other. A re-ligation would 

bring the primer binding sites closer together and would lead to a 4300 bp PCR product. No PCR 

product was amplified from the viral genome in the control nor in the duplex MRC5 cells (Figure 

32 D). This was expected for the control and unsp. gRNA MRC5 cells, because they contain only 

WT viral genome copies. For the duplex strategy, no PCR amplification represents either that only 

WT viral genome copies remained inside the cells or that the cleavage with these two gRNAs led 

to the destruction of the viral genome and no re-ligation was possible. 

In conclusion, only a minor part of the viral genome copies contained indels at the LUNA target 

site and no re-ligation product of the biggest fragment of the UL region could be detected. 

1.3.2.3 Targeting the viral genome at multiple sites efficiently diminishes the viral genome copy 

number inside the cells 

As shown for EBV, targeting a herpesvirus genome at least at three target sites destroys the viral 

genome and leads to a reduced viral genome copy number in the cells473. Our duplex strategy was 

designed to have the same effect. The destruction of the viral genome would lead to a strong 

decrease or loss of the viral genome content in the cells, while indels at the three targets regions 

would only moderately decrease the genome replication.  Therefore, the copy number of the viral 

genomes inside the cells was determined by qPCR of the US8 gene.  Figure 33 shows a comparable 

level of viral genomes in the non-transduced cells and the unsp. gRNA transduced cells. This 

shows that the expression of the Cas9 did not interfere with the viral genome replication. 

Comparison of the duplex strategy with the before characterized singleplex and multiplex 

strategies (see chapter IV1.3.3) showed that the duplex strategy was much more efficient than the 

singleplex strategy. It also reduced the viral genome copy number much stronger than the 

multiplex strategy, especially for TB40GFP. The hypothesis that the viral genome is fragmentised 

by the duplex strategy seems therefore possible. Simple TRS1 and IRS1 knock-out by gRNA7 

would be less efficient as shown before for gRNA2 targeting UL122/123..  

 

Figure 33: Titration of the viral genome inside the cells. Transduced and control MRC5 cells were infected with 
A) Toledo or B) TB40GFP at an MOI of 0.1. two days pi, total DNA was extracted and subsequently analysed by 
qPCR of the US8 gene. All values were normalized to non-transduced control cells. Toledo: n=3; analysis was 
done by ANOVA with multiple comparison; TB40GFP: n=2 

In conclusion, the digestion of the viral genome at three positions during the lytic replication cycle 

probably destroyed the majority of the viral genome copies and prevented the induction of the 

viral genome replication. 
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1.3.2.4 Fragmentation of the viral genome prevents immediate early and late events of the lytic 

replication 

To further investigate, if the duplex strategy destroys the viral genome or only downregulates the 

expression of TRS1/IRS, the MIE gene expression was analysed. It has been previously shown that 

TRS1/IRS1 knock-out viruses are replication incompetent, because total protein expression is 

blocked at delay early time points. However, IE1 and IE2 expressions are not affected by the 

TRS1/IRS1 knock out508. On the other hand, if the viral genome is disrupted directly after the entry, 

all steps of the viral replication cycle should be impaired including the MIE expression. 

Surprisingly, the unsp. gRNA transduced MRC5 cells were more permissive to the infection than 

the control non-transduced MRC5 cells. This might be due to the selection process of the 

transduce cells, which were associated with strong mortality. Comparing the three treatment 

conditions to the unsp. gRNA internal control, all CRISPR/Cas9 strategies showed a reduced MIE 

expression (Figure 33 A). As before, the multiplex strategy was more efficient than the singleplex 

strategy. Also, the duplex strategy reduced the MIE expression as efficiently as the multiplex 

strategy, even though the duplex strategy did not target the MIE gene directly. Therefore, we 

conclude that the duplex strategy destroys most of the viral genomes directly after cell entry and 

prevents the expression of immediate early proteins. 

Finally, the progression of the viral replication cycle was analysed. Control MRC5 cells started to 

release new virions four days pi and reached higher titres around eight days pi. To assess the 

strength of the duplex strategy, we titrated the viral genome in the supernatant of infected MRC5 

cells eight days pi. Figure 34 B shows that the control and the cells transduced with the unsp. 

gRNA released similar amount of virions. At eight days pi, the virion release reached a plateau and 

the control and unsp. gRNA cells were dying due to the viral infection. The singleplex strategy 

inhibits the virion release insufficiently by only 75%. The multiplex strategy, before proven to be 

very efficient to inhibit the viral replication in U373-MG cells, inhibited virion release by 95%. The 

destruction of the viral genome itself by the duplex strategy nearly completely abrogated the 

virion release by 98%. The MRC5 cells treated with the multiplex or duplex strategy were also 

more viable at eight days pi.  

 

Figure 34: Inhibition of early and late events of the viral replication cycle. A) MRC5 (transduced and control) 
cells were infected with HCMV at an MOI of 0.1. two days pi, proteins were extracted by the TriPerp kit and 
analysed by western blot to detect IE and actin (one representative western blot of three is shown). B) All MRC5 
cells were infected with HCMV Toledo at an MOI of 0.05 for eight days. The supernatant was collected and the 
amount of viral genome copies was analysed by US8 qPCR. (n=1) 
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The destruction of the entire viral genome was more efficient than targeting one essential gene. 

The viral genome was cut directly after the virus entered the nucleus, which subsequently 

inhibited MIE expression and finally prevented the production of new virions.  
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 Discussion 

HCMV is a very widespread viral infection. After the primary infection, usually during childhood, 

it develops into a persistent latent infection in the host. Especially in transplant patients with 

suppressed immune system, HCMV can reactivate and is then associated with severe pathologies 

like HCMV pneumonitis. Anti-viral therapies against HCMV are based on nucleotide analogues, but 

they only inhibit the lytic replication virus and cannot assess the latent viral pool. Consequently, 

this treatment can neither prevent reactivation nor clear the infection. Therefore, we aim to 

develop a new therapeutically approach to target the latent viral genome to prevent reactivation 

and protect the patient from severe consequences. 

Several viruses have been targeted by the CRISPR/Cas9 system in order to prevent replication 

and reactivation or to restore the transformation of cells. A special difficulty has to be overcome 

when targeting herpesviruses: All herpesviruses enter a phase of latency in the host, where the 

viral genome is silenced and chromatin condensed. In this state of latency, the Cas9 might not 

access chromatin condense regions of the viral genome and would be therefore inefficient to 

destroy or inactivate the viral genome. Van Diemen et al. showed on the example of HSV that the 

viral genome was unmodified during latency, but indels were detected after reactivation of the 

virus474.  Therefore, we designed a duplex strategy, which is especially selected to target 

chromatin open region during latency to allow the cleavage of the silenced viral genome before 

reactivation and to prevent the potential dangerous entry into the lytic replication cycle. The 

target of only one gene by one gRNA has been proven several time as insufficient to prevent viral 

replication474,482. Rapidly, the virus gains in-frame mutations and escapes the anti-viral 

CRISPR/Cas9 system. Extended duplex and multiplex systems significantly decrease the risk of 

viral breakthrough replication485,486. However, Wang et al. designed a multiplex CRISPR/Cas9 

system against EBV, which not just prevented the expression of the viral oncogene EBNA, but also 

destroyed the viral genome completely473. A similar multiplex approach with eight gRNAs 

targeting HBV removed the viral genome from the infected cells and decreased the viral genome 

load in vivo466. Both authors did not analysed the viral escape from their multiplex CRISPR/Cas9 

systems, but the loss of the viral genome theoretically abolishes the risk of viral escape. Our duplex 

strategy was designed to fulfil both target criteria. It targets LUNA, an essential viral gene for the 

reactivation from latency250, and the two immediate early genes TRS1/IRS1 in the TR regions, to 

degrade the viral genome. Together, the cuts at those target sites should render the virus unable 

to reactivate (LUNA knock-out) and the fragmented viral genome should be removed from the 

infected cell. 

We validated the anti-viral activity during lytic replication of the virus. The analysis of the fate of 

the viral genome after the cleavage at the three targets sites is challenging. Three outcomes would 

be possible. Either the DSB will be repaired by NHEJ leading to indels at all target sites, which then 

might induce frameshift mutations in the target gene. Alternatively, parts of the viral genome 

could be lost and the bigger fragments could be re-ligated. Those re-ligation products would 

probably not be able to produce new virions. Finally, the fragmentation of the viral genome in 

three parts would lead to the removal of the viral genome fragments from the cells and lead to the 

clearance to the infection. Indels were analysed at the target site for gRNA6 validating less than 

10% of the viral genomes containing mutations in the LUNA gene. Indels at the gRNA7 target sites 

were not yet analyses by T7 assay, because both regions are homologue making it difficult to 

analyse indels for both regions separately. The occurrence of re-ligation products was tested for 

one possible re-ligation, the biggest fragment from the TR2 region to LUNA. No re-ligation product 
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could be detected. The validation of the disruption of the viral genome was then analysed by qPCR 

of the US8 gene. Since the possibility of re-ligation products was excluded, the loss of the US8 gene 

represents the loss of the viral genome. The viral genome content in the cell was decreased by 

around 95% in comparison to untransduced control MRC5 cells. This support the hypothesis that 

the viral genome is disrupted and lost. However, the knock-out of both TRS1 and IRS1 

simultaneously would have the same effect of generating a replication-incompetent virus509. 

Therefore, theoretically only indels at in the TRS1 and IRS1 genes might be the reason of the 

decrease of viral genome copies inside the cells. However, this is very unlikely. The TRS1/IRS1 

genes are only targeted at one position, which is therefore prone to acquire in-frame mutations in 

at least one of those genes, which would lead to viral breakthrough replications. Similar inefficient 

inhibition of the viral replication was observed by the singleplex strategy targeting UL122/123. 

Moreover, the knock-out of TRS1/IRS1 would only block the viral replication at delay early time 

points and does not interfere with the expression the MIE proteins508,509. However, the MIE 

expression in MRC5 cells containing the duplex strategy was strongly impaired. Consequently, the 

duplex strategy causes very likely the fragmentation and loss of the viral genome from the cells. 

The knock-down of an essential viral gene (multiplex) against the destruction of the entire viral 

genome (duplex) showed nearly the same efficiency during lytic replication. As expected, the 

duplex strategy reduced the amount of viral genome copies stronger than the multiplex strategy, 

since the multiplex strategy only inactivates the viral genome, but cannot remove it from the 

infected cells. Regarding the inhibition of the lytic viral replication cycle, both strategies are 

similarly efficient in inhibiting the IE expression. However, the virion release was stronger 

repressed by the duplex strategy. Further experiments are required to confirm this finding 

including experiments analysing mutation induced at the TRS1/IRS1 target sides and on latently 

infected cells. If one of the strategies can prevent the escape of HCMV needs to be further validated 

in a more stable system. As discussed in chapter IV1.3.3, the transduction and selection process 

of the MRC5 cells is not optimal. Only very low expression levels of the Cas9 can be achieved, 

which is not sufficient to target all copies of the viral genome before the virus starts the replication 

cycle. However, the duplex strategy is less dependent on the digestion of the viral genome before 

the immediate early gene expression, because the loss of the viral genome would still prevent viral 

replication during delay early time points. Still, a higher Cas9 expression is needed once the viral 

genome replication is initiated to ensure that the concatemer cannot be packed into the viral 

particle. Furthermore, the target efficiency of the duplex strategy has to be validated during 

latency (see chapter V-2). 

In conclusion, we have shown here that the duplex strategy efficiently degrades the viral genome 

during lytic replication. Based on this, we hypothesize that the duplex strategy prevents viral 

escape and allows the digestion of the viral genome also in latency. This provides a solid basis to 

further investigate this promising anti-viral CRISPR/Cas9 strategy against HCMV latent infection. 

The efficient destruction of the viral genome in latently infected cells will be a breakthrough 

approach to clear the HCMV infection from HSC used for transplantation.  
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2 Perspectives: Prevention of HCMV reactivation 
from latently infected myeloid progenitor cells 

The next step is to validate the duplex CRISPR/Cas9 system in myeloid progenitor cells and to 

assess its efficiency against the latent viral infection. Kasumi-3 cells are an optimal model system 

for HCMV latent infection in HSC. They are acute myelocytic leukemia cells, which are positive for 

several progenitor surface markers like CD7, CD4, CD13, CD33, CD34, HLA-DR and c-Kit. In 

previous HCMV studies, Kasumi-3 cells have been proven permissive for HCMV, which enters into 

latency directly after infection505,506. Full latency is established and typical LAT, like UL138 and 

LUNA, are expressed 10 days pi. Furthermore, these cells can be differentiated to 

monocytes/macrophages with the stimulation by TPA (Tetradecanoylphorbol-acetat) or TNF-α. 

This differentiation induces the reactivation of HCMV leading to IE expression and subsequent 

virion release. This latency model is more suitable for the proof-of-principle of the duplex strategy 

than primary CD34+ cells, because the transduction of this cell line by LVs is very efficient. Pan et 

al. showed a transduction efficiency of 93% with a relative low MOI of 5507. 

In this HCMV latency model, we aim to infect the cells with HCMV and subsequently treat the 

infected cells with the LVs containing either the multiplex or duplex strategy. In this way, we will 

assess, if the viral genome can be cut by the Cas9 in the chromatin condensed viral genes 

(multiplex) or if the targeting of the viral genome is only possible in chromatin open regions 

(duplex). A prolonged culture of latently infected and treated cells should validate the loss of the 

viral genome with the duplex strategy. Furthermore, the possibility to differentiate the cells 

allows the analysis of the reactivation of HCMV, which should be inhibited by both strategies. 

In conclusion, this model will allow us to answer, if the viral genome can be targeted during 

latency and if the reactivation by differentiation can be prevented by the anti-viral CRISPR/Cas9 

strategies. This new concept of HCMV treatment to directly target the latent viral genome rises 

the opportunity to clear or inactivate the HCMV infection. In the setting of transplantation, HCMV-

infected donor cells can be cleared from HCMV then impairing viral reactivation and HCMV 

diseases.  
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 General discussion 

HCMV is a widely spread viral infection. After the primary infection, it enters into latency and 

persist lifelong in the host. 30 %  to 100 % of the population are latently infected with HCMV1,19. 

The primary infection or the virus in latency usually do not cause severe pathologies511. However, 

the virus can reactivate in the immune deficient host, which can lead to more severe end organ 

diseases. Especially in HSCT, where the immune system is repressed by chemotherapy to prevent 

GVHD and the lymphopoiesis is not yet fully recover, the patient is at high risk of HCMV infection 

or reactivation. Common complications are gastrointestinal diseases or pneumonitis, which is 

associated with a high mortality rate. The introduction of nucleotide analogues, which inhibit the 

lytic viral replication, decreased the risk of HCMV reactivation significantly. The protection is very 

efficient in the first hundred days post transplantation, but also increases the risk of later HCMV 

related complications, which have often a more severe outcome125. Therefore, the aim of the thesis 

was to develop a new anti-HCMV therapy, which can prevent the reactivation of the virus and 

subsequently the CMV associated diseases. We used the CRISPR/Cas9 system from bacteria to cut 

the viral genome. Three different strategies were tested: the singleplex and the multiplex strategy 

target the MIE gene to induce an IE1 and IE2 knock-out leading to a replication-incompetent virus; 

and the duplex strategy digests the viral genome leading to the loss of the latent viral genome 

inside the host cells. We have shown the proof of principle that it is possible to inhibit the viral 

replication by targeting the viral genome with the CRISPR/Cas9 system. Only the multiplex and 

duplex strategy have been proven efficiently against HCMV, while the singleplex strategy still 

allowed viral replication.  

1 The CRISPR/Cas9 system as an anti-viral therapy 

The CRISPR/Cas9 system is a very variable tool used for genome editing and finds lately more 

attention as an anti-viral strategy. Several viruses have been targeted already in mainly in vitro 

studies and some in vivo models also showing promising results. However, so far non anti-viral 

CRISPR/Cas9 system has reached the state of clinical studies.  

The correct choice of the target gene is important for an anti-viral CRISPR/Cas9 development. In 

general, there are two possibilities. Either a host factor essential for the viral replication is 

knocked-out or the viral genome itself is the target. Only for HIV, the targeting of the co-entry 

receptor have been tested with an anti-CCR5 CRISPR/Cas9 system456. This is possible, because 

HIV only infects one specific cell type (CD4+ T cells) and the co-receptor for cell entry is not 

essential for the host. In vitro an in vivo experiments proved that CCR5- CD4+ T cells are protected 

from the HIV infection455,459. For HCMV, the targeting of a host factor is not feasible. It uses various 

entry-receptors depending on the cell type and virus phenotype172–174. The knock-out of only one 

receptor would be inefficient to provide protection from the HCMV infection. Therefore, in this 

thesis we developed a CRISPR/Cas9 system targeting directly the viral genome. Typically, the 

CRISPR/Cas9 system is used to knock-out one specific target gene. The adaption to an anti-viral 

treatment depend therefore on the mutation of an essential viral gene to prevent viral 

replication474. This has been tested for HIV, HBV, HSV and the JC virus512. Classical targets are viral 

polymerases, important structure proteins or major transactivators. Importantly, motifs, which 

are essential for the protein function, like the YMDD motif of the reverse transcriptase of HBV464, 

are the most efficient target sides. Unfortunately, the Cas9 dependency on the PAM sequence does 
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not always allow the direct target of this kind of motifs. Furthermore, some viruses develop 

various numbers of quasi-species inside the host. HIV is the typical example for this 

phenomenon450. It is a rapidly mutating virus leading to 10-20 different new quasi-species per 

year. In contrast, most of the other DNA viruses do not develop quasi-species, but they still can 

have some sequence variations. For herpesviruses, there are several different viral strains in the 

human population.  Moreover, some viruses can be distinguished in different genotypes, like for 

HBV, which has up to eight genotypes varying in different viral genes. Therefore, it is essential to 

compare different viral strains or quasi-species to find highly conserved regions in the viral 

genome to ensure an anti-viral CRISPR/Cas9 system with a broad applicability to clinical isolates. 

Moreover, a single target site in the viral genome will lead at some point to a viral breakthrough 

replication, because of a silent mutation based on a nucleotide substitution or an in-frame 

mutation474,482. To increase the efficiency of a CRISPR/Cas9 system targeting essential viral genes 

and prevent viral escape, a multiplex approach is advantageous485,486,513. The simultaneous 

targeting of two essential genes increases the anti-viral effect significantly. Furthermore, the 

cleavage at two target sites mainly leads to the excision of the region in between and disrupts 

larger regions of the viral genome444,473,485. Two of our anti-HCMV CRISPR/Cas9 systems follow 

the idea of knocking-out an essential viral gene. The singleplex and multiplex strategy both target 

the UL122/123 gene, which codes for the MIE proteins. The MIE are the first viral proteins 

expressed in the lytic viral replication cycle. They are the major regulators of delay early and late 

events of the viral repletion. The UL122/123 gene consists of five exons, which can be alternatively 

spliced to two major and a couple of minor transcripts213. To target the two major MIE proteins 

(IE1 and IE2), the singleplex CRISPR/Cas9 system was designed to induce a mutation close to the 

start codon in order to destroy the start codon or induce an early frameshift mutation. The 

multiplex system is an advanced strategy based on the singleplex gRNA and two further gRNAs 

targeting exon 5. This strategy has been designed to prevent viral escape and increase the 

efficiency to be independent of frameshift mutations. As shown in hypothesis 1 (chapter IV1.3.3), 

the multiplex strategy is much more efficient then the singleplex strategy. It nearly abolished the 

virion release, while the singleplex strategy led to a breakthrough replication with comparably 

titres as the control cells. Therefore, we confirm the observation of other researchers that a 

multiplex strategy is superior over a singleplex strategy for HSV, EBV, HBV and HIV449,466,473,474. 

The major difference between most of the duplex strategies tested against singleplex strategies is 

that we used a multiplex strategy with three target sites in the same gene, while the other mostly 

target different viral genes. For EBV, a duplex strategy targeting two viral genes led to the deletion 

of 12 kb between the target sites473. In comparison, we excised the UL122/123 viral gene of 3.5 

kb. Duplex strategies against HIV usually lead to the excision of the entire viral genome (10 kb) 

from the host genome444,446, if both gRNAs are highly efficient, otherwise only indels are acquired 

at the target sites486. The excision of the HIV genome leads to the loss of HIV from the host cells 

and clears the infection. To achieve similar results for non-integrative larger viruses, the viral 

genome needs to be targeted at multiple sites distributed throughout the entire viral genome. The 

multiple cuts degrade the viral genome and the fragments are removed from the infected cells. 

First, Wang et al. published a model like that473. EBV is a herpesvirus with a 170 kb large viral 

genome. During latency it produces viral oncogenes and transforms the cells to tumour cells. 

Targeting the viral oncogenes reduced the transformation of the cells. However, he also developed 

a multiplex strategy of seven gRNA, which destroyed the entire viral genome. This not only 

restored the transformation, but also led to the loss of the viral genome in the cell. A similar 

multiplex strategy of eight gRNA targeting HBV led also to the loss of the viral genome in the host 

cells466. Large extent multiplex strategies are very efficient, but their delivery is difficult and often 
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from low efficiency. Duplex strategies can be pack into a single viral vector or expression plasmid 

and are therefore more suitable for later transition to clinical applications. Our duplex strategy 

aims like Wang et al. to destroy the viral genome. It targets three positions in the viral genome 

and as shown in hypothesis 2 (chapter V), it is very efficient in inhibiting lytic viral replication and 

reduces the amount of viral genome copies inside the cells.  

Another point needs to be taken into account for targeting the viral genome with the CRISPR/Cas9 

system. Most of the viruses, which are of interest to be targeted with a genome editing tool, are 

DNA virus, which cause latent or chronic infections. Each virus family developed therefore its own 

mechanism to persist in the host. HIV integrates into the host genome. Therefore, targeting HIV 

with the CIRSPR/Cas9 system has the same features as targeting a human gene. There are only a 

few copies of viral genomes per cell, which means a limited number of target sites for the 

Cas9/gRNA complex. Consequently, a low Cas9 expression level would be sufficient. In contrast, 

HBV establishes chronic infections, where the viral genome persists as a circular covalently closed 

DNA (cccDNA). This cccDNA intermediate is very stable inside the cells. However, several groups 

were able to induce indels or destroy the cccDNA, proving the accessibility for the Cas9/gRNA 

complex460,461. Finally, herpesviruses like EBV, HSV and also HCMV persist inside the host cell as 

an episome. During latency, the episome is silenced and chromatin condensed228. Depending on 

the herpesvirus type, the viral genome is still accessible for the Cas9 or the chromatin 

condensation protects the viral genome from the cut by the Cas9474. EBV, a γ-herpesvirus, can be 

targeted by the CRISPR/Cas9 system during latency. The chromatin condensation is less 

condensed and several latent transcripts are produced. HSV, a α-herpesvirus, is highly specialized 

to neuronal cells and its genome is very high chromatin condensed in latency. It has been shown 

by van Diemen et al. that the Cas9 cannot access the HSV genome during latency. Therefore, it 

would be impossible to remove the HSV genome with a multiplex strategy from the infected cells. 

Worth to mention, the author only tested target sites of viral genes, which are silenced during 

latency. The effect of the Cas9 targeting latency associated proteins is so far unknown. For HCMV, 

a β-herpesvirus, the effect of chromatin condensation of the viral genome during latency is 

unknown. We analysed the chromatin condensation of the UL122/123 gene and confirmed that it 

is associated with chromatin. Therefore, our duplex strategy was designed by taken the chromatin 

condensation into account and only targets viral genes, which are chromatin open during latency. 

Further evaluation of the CRISPR/Cas9 targeting of the latent HCMV genome is required. 

Those anti-viral CRISPR/Cas9 strategies could be the next generation of anti-viral therapy. 

Moreover, it could be of advantage to use the CRISPR/Cas9 systems in combination with the actual 

standard treatment. Most of the standard anti-viral treatments inhibit the active viral replication. 

Therefore, the standard treatments decrease the amount of viral genome copies and consequently 

leave less target sites for the CRISPR/Cas9 systems. In this way, the anti-viral standard treatment 

would limit the active viral replication, while the CRISPR/Cas9 system can remove or inactivate 

the remaining viral genome copies. This additive effect of the two treatment systems has been 

tested already for HBV464. The standard treatment for HBV is based on nucleotide analogues. A 

combinatorial treatment with nucleotide analogues increased the effect of the CRISPR/Cas9 

system.  Nucleotide analogues are also the standard treatment for HCMV. An inhibition of the viral 

genome replication could enable the CRISPR/Cas9 system to target all viral genome copies. This 

would be very beneficial for the multiplex strategy targeting MIE. The efficiency of the multiplex 

strategy depends on the destruction of the UL122/123 before the initiation of the viral replication 

cycle, basically in the first 3 h post infection. Because, once the MIE genes are expressed, the viral 

replication cycle starts and the modification of the MIE is less important. As we have shown in the 
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MRC5 cells, a very low expression level of the Cas9 is not sufficient to target all viral genome copies 

and allows viral replication. If the viral genome replication could be repressed till all viral genome 

copies are targeted, the HCMV genome would be silenced completely and no infectious virion 

could be produced. Synergistic effects of the nucleotide analogues and our CRISPR/Cas9 system 

needs to be further validated. 

In conclusion, we designed two anti-HCMV strategies, which are very efficient to prevent viral 

replication and should prevent viral escape. Furthermore, the duplex strategy should be suitable 

to target the latent viral genome, because all target sites are chromatin open during latency. The 

multiplex and duplex strategy are state-of-the-art anti-viral CRISPR/Cas9 systems able to provide 

long-term inhibition of the viral replication. 

2 Transmission to clinical application 

The treatment model we presented in this thesis was the first step to develop an anti-HCMV 

therapy, which can be applied for transplant patients. Our system here is artificial, based on a 

stable cell line transduced with a common LV pseudotype VSV-G. For the transition of such a 

system to clinical application several improvements have to be considered. The delivery to the 

target cells needs to be optimized and off-target reduction methods need to be considered.  

 Delivery 

Our primary aim was the application of our anti-HCMV CRISPR/Cas9 system in HSCT where the 

recipient receive a HCMV positive graft. In this case, the graft could be treated ex vivo and a 

systemic treatment would not be required. 

 Engineered graft for optimized CRISPR/Cas9 delivery 

The graft for HSCT can be origin from different sources, i.e. bone marrow, umbilical cord blood 

and peripheral blood after the G-CSF mobilization of HSC. This sources can be used non-modified 

e.g. the injection of a mixed cell suspension containing the HCS, for the reconstitution recipient’s 

immune system, and other myeloid cell types, like T cells, B cells, NK cells, monocytes, DC and 

more514. The delivery of the CRISPR/Cas9 system to all myeloid cells in the mixed cell suspension 

is right now illusionary. Actual viral vectors and transfection methods cannot target the variety of 

different hard-to-transduce cells. Several of those cell types could be transduced/transfected with 

specified vectors in a pure culture under cell type specific condition, but the treatment of this 

mixed cell suspension would not allow high efficient delivery to all cell types. Furthermore, very 

high amounts of viral vectors would be required and cell types, which are not of interest like T 

cells, would be treated as well. Anyway, sources of perfectly matched HLA donors are limited and 

the number of haploidentical transplantations from related donors (parents, siblings) is 

increasing514. Especially in this condition but also for matched unrelated donors, the injection of 

the graft containing high amount of T cells is correlated with an increased risk of GVHD514,515. 

Therefore, the HCS can be enriched or purified to optimize the graft. Two strategies have been 

tested and both are efficient to decrease the risk of GVHD. They are based on either negative 

selection of the HSC, where potential dangerous T cells are depleted based CD3 and CD19 staining, 

or positive selection of CD34+ or CD133+ cells515,516. In both cases, the graft cell suspension is 

stained with the concomitant antibodies with magnetic microbeads, which are then separated by 

the CliniMACS system of Miltenyi Biotech515. T-cell depletion is a method that only enriches the 
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HSC in the graft to around 1%, but other myeloid cells (DC, monocytes and furthers) remain in the 

graft517. In this case, that graft is still a very heterogeneous cell population, which would face 

similar limitations as the non-modified graft. On the other hand, HSC selection purifies the HSC to 

93-97% and nearly completely removes other cell types from the graft (< 1%)517–519. This more 

homogenous population could be more easily targeted by a specialised delivery system for HSC. 

Unfortunately, HSC positive selection is correlated with a higher risk of graft rejection, relapse 

and infections because of the missing T and NK cells519. Several studies tested therefore the add-

back of T cell as so called donor lymphocyte infusion (DLI) three to four weeks post 

transplantation514,518,520. Even though, those DLIs slightly increase the risk of GVHD, it has a 

beneficial effect to reduced infections and provide a graft versus tumour effect. In conclusion, to 

apply our anti-HCMV CRISPR/Cas9 system to HSCT, the graft needs to be positive-selected HSC 

for high efficient delivery and the patient could then be treated with DLIs to optimize the risk of 

GVHD, GVT and other infections. 

 Possible high efficient delivery systems to achieve prolonged gRNA/Cas9 

expression  

Important features for the ideal delivery are high efficiency, long-term expression of the 

gRNA/Cas9 and low cytotoxicity. Our actual system is based on LV transduction with an LV 

pseudotype VSV-G. This delivery technique provides persistent transgene expression, due to the 

integration into the host genome. Several clinical studies successfully used LV-modified HSC, 

mainly to treat rare genetic diseases497,498. In this case, a transgene expression of only a part of the 

injected cells is needed to alleviate the patient’s condition. For the treatment of HCMV in HSCT, a 

very high transduction efficiency is needed to prevent the reactivation of the virus from the donor 

cells. The standard LV VSV-G has only a very low transduction efficiency for HSC. Therefore, the 

transduced cells need to be cultured and subsequently purified by a selection marker. A selection 

by FACS-sort based on a fluorescence marker or by magnetic microbeads based on a surface 

marker would be a possibility. So far, only the magnetic microbeads selection is approved for 

clinical applications. The selection based on puromycin is not optimal, because the cells need to 

be cultured for a much longer time frame (puromycin treatment) and are subjected to dying cells, 

which might release cytokines changing the phenotype or differentiation potential of the HSC. 

However, even the selection by fluorescence or surface marker requires a minimal culture time of 

two days, till the transgene is expressed. The ex vivo culture could interfere with the phenotype of 

the cells and increase the risk of contamination. A better option would be the use of an LV 

pseudotype, which would transduce 90 – 100% of the donor cells so that a selection step is not 

necessary anymore. Several LV pseudotypes could be considered here. The LV with the measles 

virus HF pseudotype transduces CD34+ cells with an efficiency of around 80% (tested in our team 

in collaboration with Dr. Els Verhoyen). The difficulty with the LV-HF is its low titre in the 

production process, because the measles virus glycoproteins are transported purely to the cell 

surface for the LV particle formations400. This decreases the titre of the LV-HF. However, the LV-

HF opened the opportunity for highly target cell/molecule specified LVs. The attachment to the 

cell surface and fusion of the LV particle with the plasma membrane are mediate by two proteins, 

the H (hemaglutinin) and F (fusion protein), respectively. Therefore, the H can be modified by 

mutating the natural receptor bind domain and fusing a cytokine domain or an antibody chain 

specific for a new surface receptor400. Consequently, LV with receptor-specificities for any surface 

receptor could be designed. So far, two LV-ΔHFs, targeting CD105 and CD133, has been designed 

to target specifically HSC402,403. The transduction efficiency is higher than the common LV VSV-G 
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and more importantly they mainly transduced HSC with the real progenitor phenotype for the 

reconstitution of the immune system. In the case of HSC selected by CD133, this could be a 

promising strategy to transduce the majority of the graft. However, the selection by CD34 is more 

common, which contain different stages of progenitor cells and the transduction by LV-ΔHF 

CD133 would not be sufficient. A LV-ΔHF targeting CD34 directly would be probably more 

optimal, but so far there is no such LV pseudotype described. Alternatively, the LV pseudotyped 

by the glycoproteins of the baboon retrovirus are highly efficient to transduce HSC521. They reach 

transduction efficiencies of up to 90% with a low MOI of 5. HSC maintained their differential 

potential and have been tested for immune reconstitution of NSG mice. To avoid the treatment 

and LV integration of non-infected cells, the LV could be specified for infected cells. Latently 

infected cells express US28, a G-protein coupled chemokine receptor, on their cell surface. A new 

designer LV-ΔHF targeting US28 could only transduced infected cells and spare non-infected cells. 

A treatment based on the US28 expression is already tested in vitro, based on a fusion toxin 

consisting of the concomitant chemokine ligand CXCL1 for US28 and a bacterial endotoxin522. 

Infected cells internalized the fusion toxin and subsequently died due to the endotoxin, while non-

infected cells are not affected. The fusion of the ΔH to the CXCL1 mutant F49A523 would 

theoretically create an LV highly specific to target infected cells. 

Even though, LV-modified cells are already used in clinical applications, they still have the risk of 

transformation due the transgene integration into the host cell. There are integrase deficient LV 

available, but they only allow the transgene expression for a few weeks405. Depending on the 

efficiency of the anti-viral CRISPR/Cas9 system this might not be long enough to prevent viral 

breakthrough replication as shown for HIV485. Other delivery methods are also all very transient, 

like electroporation or transfection with expression plasmids or RNP complexes. The RNP is only 

present for up to 24 h and a standard expression plasmid allows a gene expression for three to 

four days358. However, if the plasmid construct contains the TR region of the HCMV, it could be 

maintained as long as HCMV is present inside the cells and would be replicated like the HCMV 

genome234. The region important for the genome maintenance is the TRL region rich on Sp1 

binding sites, which is bound by the IE1x4 splice variant to tether the viral genome to the host 

genome234. Even though, one of our anti-HCMV CRISPR/Cas9 strategies is targeting the TR region 

(duplex), the gRNA target sequence is in the TRS region and is therefore not needed for the 

maintenance and could be excluded from the plasmid. A similar plasmid has been tested for EBV 

containing the oriP473. Therefore, the transfection or electroporation of HSC with TR-expression 

plasmid containing the anti-viral CRISPR/Cas9 system would be lost after three to four days in 

non-infected cells, but would be maintained in latently infected cells till the virus is inactivated or 

destroyed. In this way, the CRISPR/Cas9 system would be specifically only maintained in infected 

cell, which reduced the off-target effect on the total HSC population. The optimal delivery of such 

a plasmid would be probably by the micro fluid device with nano-silicon blades395. This delivery 

method was specifically developed for the transfection of HSC to maintain their phenotype and 

reduce cytotoxicity in comparison to electroporation. 

Since the situation of a HCMV negative recipient and an HCMV positive donor is relatively rare, it 

is necessary to develop delivery methods optimized for systemic applications. Transfection and 

electroporation are not suitable in this case. However, even LV transduction would be very 

challenging to achieve high transduction efficiency in all target cells. So far, none of the above-

mentioned LV systems are optimized for direct in vivo applications. However, the research on 

delivery techniques is rapidly progressing, especially since the introduction of CRISPR/Cas9, to 

be able to assess the full potential for this highly efficient genome editing tool. 
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In conclusion, the application of the CRISPR/Cas9 system is right now restricted the ex vivo 

treatment of cells and subsequent infusion into the patient. The only validated system to achieve 

long-term Cas9/gRNA expression, which is needed to prevent viral breakthrough replication, is 

the transduction with an LV. Since the transduction efficiency with the common LV VSV-G is too 

low, the usage of a new designer LV-ΔHF specified for HSC surface marker would be more suitable. 

However, so far the LV-ΔHF CD105 and CD133 do not transduce the entire HSC population and an 

LV-ΔHF with a broader receptor-specificity, for example CD34, does not yet exist. Therefore, the 

most efficient LV for HSC transduction is the baboon retrovirus pseudotype. Alternatively to the 

LV transduction, HSC could be transfected with an expression plasmid to avoid the uncontrolled 

integration of the LV transgene and carcinogenic potential. Hypothetically, an expression plasmid 

containing the TR region would be maintained in HCMV infected cells, as shown by Tarrant-Elorza 

et al., while it would be lost by non-infected cells.  

 Potential adverse effects and their prevention 

 Off-target effects on the human genome 

Each gRNA/Cas9 complex has a certain off-target potential based on the homology of the spacer 

with non-target regions in the host genome491. The effect of mutations induced at these off-target 

sites is difficult to predict. It depends, if the off-target site is located in an intergenic region, where 

it could dysregulate the expression of an adjacent gene, or inside a gene, which could be 

subsequently disrupted. In the worst case, this could lead to the transformation of the cells. 

CRISPR design softwares help to choose gRNA with minimal off-target potentials. For example, 

the gRNAs of our multiplex strategy have between 53 and 192 potential off-target sites, while our 

duplex strategy is much more specific and has 4 and 76 potential off-target sites. Yet, even with 

highly specified gRNAs, a residual risk of off-target mutations remains. Therefore, several 

improvements of the Cas9/gRNA complex have been developed to avoid off-target cleavage. Two 

off-target optimized Cas9 variants exist, which have mutations to reduce the sequence-

independent interaction with the DNA to increase the importance of the perfect gRNA/target DNA 

binding373,374. Alternatively, the gRNA can be truncated to a 17 or 18 nt spacer region to increase 

the specificity of the gRNA369 and the scaffold region can be extent by 5 nt to improve the 

interaction with the Cas9371. The Cas9 variants are slightly more specific than the truncated 

gRNAs. However, the off-target effect is also strongly correlated with the time of Cas9 

expression358. Since, the treatment of a viral infection requires prolonged Cas9 expression, right 

now only permanent Cas9 expression due to LV delivery is suitable. A lifelong Cas9 expression 

will definitively lead at some point to unwanted mutations in the host genome. Therefore, the Cas9 

expression should be restricted to the time period needed. The before mentioned transfection of 

HSC with a TR-region containing Cas9/gRNA expression plasmid, would restrict the Cas9 

expression time to the presence of the virus. Alternatively, an inducible Cas9 could be used. Two 

split Cas9 models either inducible by rapamycin treatment or by 4-hydroxytamoxifen are already 

tested in vitro380,381. Rapamycin is an mTOR inhibitor and is used in transplantation as an 

immunosuppressive drug. Some HSCT patients are up one year after transplantation (or even 

longer) under immunosuppressive therapy to avoid GVHD524. Therefore, the usage of such a 

treatment for the Cas9 expression regulation is not feasible and would lead to much longer Cas9 

expression periods as needed to treat the viral infection and might even interfere with the 

management of GVHD and immune reconstitution. In contrast, 4-hydroxytamoxifen has no 

immunosuppressive effects. Is has been already tested in vivo with no adverse effect525. Daily oral 
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application as tamoxifen, in vivo processed to the active 4-hydroxytarmoxifen, provides a 

sufficient 4-hydroxytramoxifen level to activate the fusion protein, which makes it very suitable 

for clinical applications.  

In conclusion, today the perfect design of an anti-viral CRISPR/Cas9 tool for clinical applications 

would be based on a delivery system specified for infected cells, either by designer LV-ΔHF 

specified to the viral US28 or by TR-region containing plasmids. Furthermore, precautions must 

be taken to avoid off-target effects. Most feasible would be a combination of the modified gRNAs 

to increase the gRNA/Cas9 specificity in combination with an inducible Cas9 to limit the 

expression time. 

 Cas9-induced immune reaction 

The Cas9 is originally a bacterial protein335. For the usage in human cells it has been human codon 

optimized, but it is still a foreign protein. Prolonged expression in vivo leads to anti-Cas9 immune 

reactions and the loss of transduced cells386,387. In general, if HCS are transduced with the 

Cas9/gRNA and there could be a subsequent development of a Cas9-induced immune reaction, 

the HSC could be destroyed leading to a severe immune deficiency and anaemia. However, in HSCT 

the recipient is strongly immunosuppressed and might probably not be able to develop a Cas9-

induced immune reaction before the reconstitution of the immune system. Still, infused T cells 

(DLI) could be reactive against the Cas9 and could consequently induce an autoimmune reaction 

against the donor HSC. Therefore, a lifelong Cas9 expression in the whole HSC population would 

be very risky. Possible solutions could be, either the limitation of the Cas9 expression to the time 

before DLI, or the delivery of the Cas9 only to HCMV-infected cells.  

Inducible Cas9 transcription systems could provide the Cas9 expression for a time period by a 

given drug and could later be silenced by the stop of the drug administration. Typical ligand-

inducible systems are steroid hormone receptor regulatory systems (ecdysone), progesterone 

receptor regulatory system (mifepristone) and tetracycline-dependent relatable systems (TET-

ON)526. They are based on a ligand or drug, which can activate a transcription factor to regulate 

the transgene expression. To apply such a system to the CRISPR/Cas9 approach, the Cas9 would 

need to be under control of the inducible promoter and the ligand-inducible transcription factor 

(under its own promoter) would need to be included too. This lead to the delivery of three 

expression cassettes (Cas9, gRNAs, transcription factor). Actual viral delivery vectors are already 

at their maximum packing capacity with the SpCas9 and two gRNAs. An additional expression 

cassette might not be suitable or only in combination with smaller Cas9 orthologues. 

Furthermore, some of this systems are based on transcription factors from bacteria or flies and 

might induce likewise an immune reaction.  

In contrast, the delivery of the CRISPR/Cas9 system only to HCMV-infected cells might have 

several advantages. HCMV directly inhibits the antigen presentation by MHC-I and MHC-II235,238 

and would therefore limit the presentation of the Cas9. Moreover, even if the infected, Cas9 

positive cells would be removed by the immune system, this would still have the beneficial effect 

that the pool of latently infected cell would be reduced. Two possible option to specify the delivery 

to HCMV positive cells has been described before (chapter VI-2.1), but are not yet 

tested/developed. 
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3 Further applications 

Originally, our anti-HCMV CRISPR/Cas9 systems were designed for the treatment of HSCT 

patients due to the severe pathology of HCMV reactivation in the immunosuppressed patients and 

the easy application to the donor cells ex vivo. However, HCMV is also associated with pathologies 

in other settings.  For example, glioblastomas are positive for IE1/2, which promote the tumour 

progression and stem-like phenotype of the tumour stem cells93,100,103. In general, glioblastomas 

are very severe brain tumours with a short survival rate of eight to 15 month527. The treatment is 

based on surgery, radiation and chemotherapy. GCV treatment and anti-HCMV adoptive cell 

therapies have been tested on glioblastoma patients significantly prolonging the survival 

time108,109. Therefore, targeting the IE molecules in the tumour cells is also expected to prolong 

the survival. Even though, the IE molecules expressed in the tumour might be “unusual” splice 

variants, since they are located in the cytoplasm528, our multiplex strategy would be ideal, because 

it excises the entire ORF and therefore would diminish all possible splice variants. It could be 

imagined that the anti-HCMV CRISPR/Cas9 system could be infused for local delivery during the 

brain surgery. The stereotaxic injection of the Cas9/gRNA RNP into a mouse brains has been 

successfully tested by using a Cas9 with several NSL signals (N- and C-terminal) to increase cell 

penetration393. Most of the neuronal cell types were transfected and only a mild immune reaction 

was detected. Alternatively, the local delivery via AAV serotype 1/2 is also specialised for 

neuronal cells. For the treatment of Huntington’s disease a dual AAV approach has been tested in 

HD140Q-KI mouse model435. Such a Cas9/gRNA infusion after surgery could target the few 

remaining tumour cells and slow down their proliferation and tumour relapse. 

Furthermore, in ICU patients HCMV reactivation has been reported and is associated with higher 

risks of mechanical ventilation and overall mortality80,84. Mainly, the virus reactivates in the lung 

and causes lung fibrosis and pneumonitis. There are no studies about anti-HCMV treatment on 

this patient group. However, theoretically, the prevention of HCMV reactivation in the lung or the 

protection of the lung tissue from HCMV-induced damage could improve the outcome of the 

patient and prevent mechanical ventilation. Possible would be a delivery of the anti-HCMV 

CRISPR/Cas9 system only to the lung of the patient. Different delivery methods have been already 

tested for an aerosol application to the lung. For example, the AAV serotype 2 and 6 are specialised 

to transduced lung tissue and showed 6% transduction efficiency in vivo529. Furthermore, for the 

treatment of cystic fibrosis, a cationic lipid delivery (GL67A) is already validated in a clinical trial 

II b to transfect the lung tissue with plasmid encoding the Cystic Fibrosis Transmembrane 

Conductance Regulator530. The transduction efficiency in the clinical trial was not assessed, but 

previous pre-clinical trials showed transgene expression in 16-53% of the bronchioles positive 

cells (0.3 - 38.5% positive cells/bronchiole)531. The so far highest transduction efficiency of 15% 

in vivo was achieved by a lentiviral vector based on the simian immunodeficiency virus 

pseudotyped with the glycoproteins of the Sendia virus (rSIV.F/HN) also developed for the 

treatment of cystic fibrosis532,533. A first clinical trial on this rSIV.F/HN is in preparation. If a 

transduction of only 15% of the lung tissue is sufficient to improve the patient’s health needs to 

be further validated. 

Further applications of the anti-HCMV CRISPR/Cas9 tools are limited based on insufficient 

delivery methods in vivo.  
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 Perspectives 

In this thesis we developed three anti-viral CRISPR/Cas9 systems to be one day applied in 

hematopoietic stem cell transplantation to prevent the infection of a CMV seronegative recipient 

by CMV positive donor cells. We have shown high anti-viral efficiency for two of those strategies 

(multiplex and duplex) on the lytic replicating virus in a well-established cell line and in primary 

fibroblasts.  

Short term perspectives include first of all the validation of our CRISPR/Cas9 strategies on the 

latent viral infection in physiological relevant cells. CD34+ cells from G-CSF mobilized patients are 

of major interest, since they are one of the main sources for HSCT. These cells could be transduced 

with the LV pseudotype HF and transduced cells could be selected by FACS sort based on a 

fluorescence marker expression. Subsequently, target efficiency on the latent HCMV genome and 

possible prevention of HCMV reactivation could be validated in vitro while using cytokines and 

chloroquine treatment for reactivation534. Moreover, the effect of the prolonged Cas9 activity in 

HSC could be assessed by long-term culture and colony-forming-unit (CFU) assays. After 

successful in vitro validations, the anti-HCMV CRISPR/Cas9 strategies could be tested in vivo in a 

small animal model. NSG mice are immune deficient and allow immune reconstitution by the 

injection of human CD34+ cells, important since HCMV only infects human cells. Two experimental 

designs are already tested for HCMV infection/reactivation. A protocol for Smith et al. is based on 

the reconstitution of the NSG mice by CD34+ cells, improved by the implantation of an osmotic 

pump releasing G-CSF to mobilize the human myeloid cells, and a subsequent infection by 

intraperitoneal injection of infected human fibroblasts535. Four weeks pi, HCMV was detected by 

nested PCR in the bone marrow, spleen, kidney, liver and peripheral blood. This system could be 

used in two ways, either treating the primary fibroblast before injection to prevent lytic viral 

replication or to treat the CD34+ cells to prevent the infection and establishment of latency in the 

myeloid progenitor cells. Alternatively, Hakki et al. successfully used CD34+ cell from a HCMV 

positive donor and detected HCMV by qPCR in the bone marrow, liver and spleen536. This model 

is closer to the actual clinical setting.  

Long-term perspectives would include the adaptation of our CRISPR/Cas9 strategies to improve 

specificity and transduction rates. Moreover, new delivery methods with high efficiency needs to 

be applied as discussed above (chapter VI2.1) based on designer LVs or TR-region containing 

plasmids. To test the CRISPR/Cas9 strategy for transplantation in vivo, the NSG mice models are 

imperfect. They only show the presence of the viral genome, but give no information about actual 

reactivation and viremia. Basically, none of the rodent CMV models allow the analysis of latency 

and reactivation537. Only, non-human primates, like rhesus monkeys, develop pathologies similar 

to humans538. They are infected mainly in their first year of life, which leads to a life-long latent 

infection. The RhCMV can reactivate induced by immunosuppression. The rhesus monkey model 

has been already used for transplantation studies539 and could be very useful to analyse, if the 

virus can be inactivated by the CRISPR/Cas9 system, or at least reduce the amount of reactivating 

virus so far to prevent severe pathologies.  
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UTILISATION DU SYSTEME CRISPR/CAS9 COMME STRATEGIE ANTIVIRALE CONTRE LE 

CYTOMEGALOVIRUS HUMAIN  

Dans ce manuscrit de thèse écrit en anglais, j’expose dans un premier temps le contexte médical 

et scientifique qui nous a amené à développer nos études. Ainsi, je présente le cytomégalovirus 

humain (CMV), les pathologies qu’il induit et les traitements actuellement utilisés. Dans un 

deuxième temps, je présente la technologie des CRISPR/Cas9, leur origine, leur utilisation, leur 

vectorisation et leurs applications thérapeutiques potentielles. Enfin, je présente mes travaux de 

recherche et les met en perspective. 

LE CYTOMEGALOVIRUS 

Le cytomégalovirus appartient à la famille des herpèsvirus (HHV-5). Sa structure comporte un 

génome double brin d’ADN, une capside icosaédrique et une enveloppe recouverte de 

glycoprotéines. Ce virus est de type non-intégratif, c'est-à-dire que lors d’une infection le génome 

du virus ne s’intègrera pas au génome de la cellule hôte mais restera sous forme épisomale dans 

le noyau de cette dernière. L'homme est le seul réservoir de ce virus dont la transmission se fait 

par contact étroit avec des sécrétions corporelles telles que : la salive, le sang, le sperme, les 

larmes, le lait maternel, les sécrétions du vagin et du col de l'utérus. Lors de l’infection, le CMV 

peut induire un cycle lytique aboutissant à la mort de la cellule hôte et à la production de 

nombreux virions pouvant propager l’infection. L’infection par le CMV peut également être 

latente. Le cycle réplicatif est alors réprimé et le génome viral est maintenu dans le noyau de la 

cellule hôte sous forme d’épisome. Une fois infecté, le sujet reste porteur du virus à l’état latent. 

Alors que chez des individus sains, le CMV est responsable d’une infection asymptomatique, son 

caractère pathogène survient chez les patients au système immunitaire affaibli (nouveau-nés, les 

patients immunodéprimés, transplantés ou atteints de cancer). A ce jour quatre médicaments 

existent pour combattre les infections à CMV. Trois d’entre eux inhibent l’ADN polymérase virale 

(le gancyclovir®, le foscarnet® et le cidofovir®). Le quatrième (le fomivirsen®) contient des 

oligonucléotides anti-sens ciblant l’ARNm codant pour la protéine Immediate–Early 2 (IE2). 

D’autres molécules sont actuellement en cours de développement ou testées en phase II ou III. 

Des stratégies pour bloquer la fixation du virus sur la cellule cible (IVIG). Le CMX001, qui 

correspond à du cidofovir conjugué à des lipides lui conférant une plus grande efficacité, une plus 

faible toxicité et la possibilité d’être pris par voie orale est testé en phase II. Le maribavir, qui 

inhibe spécifiquement la kinase virale UL97, ne s’est pas avéré très efficace dans le test de phase 

III et semble avoir des effets toxiques (notamment myélosuppression). Cependant ces traitements 

ne ciblent que les pools de virus réplicatifs et n’ont aucune action sur les pools de virus latents ; 

de plus des formes résistantes de CMV apparaissent inéluctablement. Des candidats vaccins sont 

également à l’étude associant une forme recombinante de la glycoprotéine B (gb) du CMV avec 

l’adjuvent MF59 ou bien associant deux plasmides codant pour la gB et pp65 (Transvax). Le 

premier de ces deux vaccins a donné des résultats encourageant chez des patients recevant une 

greffe de rein ou de foie, notemment dans la combinaison (D+/R-). Ces patients ont en effet une 

virémie qui corrèle négativement au taux d’anticorps anti-gb neutralisant (permettant ainsi de 

réduire la durée du traitement au ganciclovir). Le second vaccin, injecté à des patients recevant 

une greffe de cellules souches hématopoïétiques allogéniques, s’est montré moins efficace (pas 

statistiquement significatif par rapport au placébo) car malgré la diminution de la virémie il n’a 
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pas permis de réduire les traitements anti-viraux. De nouveau, cette stratégie vaccinale ne cible 

pas les pools de virus latents. 

Une infection ou une réactivation du CMV survient chez la majorité des transplantés avec une 

sévérité très variable, allant de l’infection infra-clinique jusqu’aux atteintes viscérales pouvant 

toucher le greffon lui-même et mettre en jeu le pronostic vital du patient. Une primo-infection 

peut avoir lieu lorsque le donneur d’organe est CMV positif et le receveur CMV négatif puisque la 

combinaison D+/R- n’est pas une contre-indication à la transplantation. Après une greffe de 

cellules souches hématopoiétiques (D+/R-), 30% des receveurs vont développer une primo-

infection. L’importance de la maladie à CMV est directement corrélée à la charge virale. Le CMV 

peut ainsi occasionner des complications particulièrement redoutables chez les receveurs de 

cellules souches hématopoïétiques, la plus fréquente étant la pneumonie interstitielle. La 

survenue d’une pneumopathie à CMV chez ces patients est de plus favorisée par le développement 

d’une réaction greffon-contre-hôte sévère.  

La réactivation des pools de CMV latents vers un cycle lytique est dépendante de l’état de 

différenciation de la cellule hôte, et de l’activation du système immunitaire de l’hôte (notamment 

lors d’une allostimulation). 

L’ENDONUCLEASE CRISPR/CAS9 

 Le développement de nucléases à façon a permis d’envisager de cibler directement le 

génome viral pour en bloquer sa progression. Idéalement, couper l’ADN double brin du génome 

du CMV permettrait d’inhiber définitivement l’infection. En 2013, la première démonstration de 

l’utilisation du système CRISPR /Cas9 dans les cellules eucaryotes et son évidente facilité 

d’utilisation a ouvert de nouvelles opportunités scientifiques. En effet, contrairement aux 

nucléases à doigts de zinc qui étaient très onéreuses, l’utilisation du système CRISPR /Cas9 ne 

nécessite que l’achat d’un plasmide chez Adgène et la synthèse d’un fragment d’ARN 

complémentaire à la région d’ADN que l’on souhait cibler. Enfin, le développement d’outils 

accessibles à tous, tel que le logiciel CRISPOR, permet la sélection de gRNA de choix avec le moins 

de clivage non-spécifique possible. Ainsi, il semble à priori facile –et accessible- de développer et 

d’utiliser ces ciseaux moléculaires à façon pour créer de nouveaux modèles expérimentaux (KO, 

KI) et d’imaginer de nouvelles stratégies de thérapie génique ou de nouvelles thérapies anti-

infectieuses. Ainsi, le système CRISPR/Cas9 a déjà été utilisé contre le HIV, l’HBV, l'HSV, le virus 

JC , l’EBV et le HCMV. 

L’endonucléase Cas9 est dirigée par un ARN guide (gRNA) jusqu'à ce qu’une hybridation forte 

entre ce dernier et la séquence cible d’ADN immobilise la protéine. La coupure spécifique du 

double brin d’ADN ne se fait qui si un motif PAM (protospacer adjacent motif) composée des 

nucléotides NGG fait suite à la séquence reconnue par le gRNA. La réparation de l’ADN coupée est 

prise en charge par la machinerie cellulaire (Non-homologous end joining) qui est imparfaite et 

aboutit souvent à l’insertion ou la délétion de nucléotides. 

CHOIX DU GENE A CIBLER 

La réplication et la sortie de la latence du CMV sont sous le contrôle du même gène (Immediate 

early gene). Lors de ma thèse, j’ai utilisé le système CRISPR/Cas9 afin de déstabiliser le génome 

du CMV. Dans un premier temps, nous avons voulu cibler un gène essentiel à la réplication virale 

et à la sortie de la latence afin bloquer le virus quel que soit son état. Nous avons donc choisi de 

cibler le gène UL122/UL123 codant pour les molécules immediate early. En effet, lorsque les 

molécules IE1 et IE2 codées par le gène UL122/UL123 ne sont pas fonctionnelles, le cycle réplicatif 
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s’arrête et aucun virion ne peut être produit. De plus, le Fomivirsen, premier ARN anti-sens 

approuvé par la FDA, cible l’ARNm codant pour la molécule IE2 et permet le contrôle efficace des 

rétinites à CMV.  

RESULTATS 

Nous avons donc testé plusieurs gRNA ciblant : 1- l’ATG du gène UL122/UL123 au niveau de l’exon 

2 ; 2- le début et 3- la fin de l’exon 5. Nous avons comparé deux stratégies utilisant soit un, soit 

trois gRNAs respectivement appelées singleplex et multiplex ciblant ce même gène. La stratégie 

antivirale a été délivrée dans la lignée U373-MG par des lentivirus permettant une intégration du 

de la cassette d’expression codant pour la Cas9-GFP et pour la stratégie d’intérêt. Nous avons trié 

par FACS les cellules transduites et les avons ensuite infectées avec trois souches différentes de 

CMV (TB40, TOLEDO, VR1814). Comme attendu, la stratégie singleplex induit des insertions et 

délétions au site de coupure du gRNA, la stratégie multiplex quant à elle induit la délétion de 3500 

paires de bases. De ce fait, la stratégie multiplex bloque efficacement l’expression du gène ciblé, la 

réplication virale et le relargage de nouveaux virions. La transduction de cellules primaires 

(MRC5) a été beaucoup plus difficile car nous n’avons pas réussi à les trier par FACS (Cas9-GFP), 

ni par billes magnétiques avec une expression à la surface des cellules transduites du récepteur. 

Nous avons donc utilisé une nouvelle construction et un agent de sélection (la Puromycine) pour 

sélectionner les MRC5 transduites. La résistance à l’antibiotique nous a permis de sélectionner les 

MRC5 transduites mais la quantité de Cas9 n’était pas suffisante pour contrôler activement le 

CMV, et diminuait au cours du temps.  

Une autre stratégie a été développée pour cibler spécifiquement le génome à l’état latent. Cette 

stratégie dite « duplex » comporte deux gRNA ciblant d’une part les régions homologues TR et 

d’autre part le gène LUNA. Contrairement au gène UL122/UL123 ; la région TR et le gène LUNA 

sont accessibles lors de la latence car la chromatine n’est que peu/pas condensée. Cette seconde 

stratégie conduit elle aussi à une diminution du nombre de copies de génome viral lors du cycle 

lytique de réplication. Il faudrait maintenant tester cette stratégie dans des cultures cellulaires 

infectées de façon latente (cellules souches hématopoïétiques ou lignée cellulaire telle que 

KASUMI-3).  

CONCLUSION ET PERSPECTIVES 

Lors de mon travail de thèse, j’ai prouvé que l’utilisation de la technologie CRISPR/Cas9 permet 

de contrôler la réplication du virus lorsque les gRNA déstabilisent un gène essentiel ou d’éliminer 

une partie importante du génome viral. Les véritables enjeux à présent sont de cibler 

spécifiquement les cellules d’intérêt, de contrôler les niveaux d’expression de la Cas9 et de 

minimiser les coupures non spécifiques. Ces enjeux s’adressent à tous projet visant l’utilisation de 

ces nucléases à des fins thérapeutiques. 
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Abstract 

Anti-HCMV treatments used in immunosuppressed patients, reduce viral replication but 

resistant viral strains can emerge. Moreover, latently infected cells are not targeted by the drugs. 

We designed two anti-viral CRISPR/Cas9 strategies to target the UL122/123 gene, the key 

regulator of lytic replication and reactivation from latency. The singleplex strategy contains one 

gRNA to target the start codon, the multiplex strategy contains three gRNA to excise the 

complete UL122/123 gene. Primary fibroblast and U373-MG cells were transduced with a 

lentiviral vectors coding for the Cas9 and one or three gRNAs. Both strategies showed 

mutations in the target gene and concomitant reduction of IE protein expression in primary 

fibroblasts. Further detailed analysis in U373-MG cells showed, that the singleplex strategy 

induced 50% indels in the viral genome leading to a reduction of the IE protein expression. The 

multiplex strategy excised the IE gene in 90% of all viral genomes and thus led to the inhibition 

of the IE protein expression. Consequently, viral genome replication and late protein expression 

was reduced by 90%. Finally, the production of new viral particle was nearly abrogated. In 

conclusion, a multiplex anti-UL122/123 CRISPR/Cas9 system can target the viral genome 

efficiently enough to significantly prevent viral replication.  
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Introduction: 

The human Cytomegalovirus (HCMV) primary infection or reactivation can cause severe 

pathologies in non-immunocompetent individuals(1),(2). In hematopoietic stem cell 

transplantation (HSCT), HCMV active replication is the major source of transplant-related 

morbidity and mortality. Up to one third of the patients with HCMV reactivation develop a 

CMV disease with possible end organ diseases(3),(4). The currently available treatments(5), 

which target the viral DNA polymerase, are based on nucleotide analogues (Ganciclovir(6) and 

Cidofovir(7)) and on a non-competitive inhibitor (Foscarnet(8)). The occurrence of Ganciclovir 

or Foscarnet-resistant viral strains(9),(10) urge the development of innovative strategies. 

Moreover, the current treatments just target the lytic replicating virus but have no impact on the 

latent viral pool, thus preventing any complete clearance of the virus. 

The CRISPR/Cas9 system is an easy, fast and highly potent genome-editing tool. Originally 

found as an adaptive immune system in bacteria and archaea against phages and plasmids(11), 

it is now adapted for the use in eukaryotic cells to a suitable two-component system consisting 

of a Cas9 endonuclease and a chimeric guide RNA (gRNA)(12). The CRISPR/Cas9 system has 

also been proposed to be used as an anti-viral strategy to fight latent or chronic viral 

infections(13–18).  

In this study, we hypothesized that disrupting the UL122/123 gene with a CRISPR/Cas9 system 

based on one or three gRNAs will prevent viral replication. The UL122/123 gene encodes 

several immediate early molecules (IE)(19), which are the first and most essential proteins 

responsible for the initiation of the viral replication cycle(20),(21). Indeed, the mutation or 

shutdown of the UL122/123 gene leads to a non-replicative virus(22,23). We induced site-

specific cleavage in the UL122/123 gene by using one gRNA, while we deleted 3300 bp in the 

UL122/123 gene from the viral genome by using a multiplex strategy with three gRNAs. This 

led to a strong reduction of IE expression and consequently to the inhibition of late viral protein 
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expression. Overall, the production of new virions was reduced by up to 98% by the multiplex 

anti-IE CRISPR/Cas9 system. This innovative approach could be used to clear HCMV from 

infected hematopoietic stem cells before their transplantation to a seronegative recipient.  
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Results: 

Anti-IE CRISPR/Cas9 system reduces IE expression in primary fibroblasts 

In order to prevent HCMV replication, two anti-HCMV CRISPR/Cas9 strategies based on one 

(singleplex) or three gRNAs (multiplex) were developed to knockout the UL122/123 gene 

encoding the major immediate early proteins (Figure 1). Each gRNA position has been chosen 

on conserved region (Supplementary Tables 1, 2 and 3). Those IE proteins are the most essential 

key regulators of the viral replication(20,21).  

MRC5 primary fibroblast cells were transduced with the LV type 1 (Supplementary Figure 1) 

containing either one of the anti-HCMV CRISPR/Cas9 system or an unspecific gRNA/Cas9 as 

an internal control. Cas9 positive cells were selected via puromycin treatment prior to be 

infected with Toledo (MOI 0.1) to assess the effect of the anti-IE strategies on the viral 

replication. Two days pi, the viral genome was analyzed for indels by T7-endonuclease assay 

(Figure 2a). The efficiency of the singleplex cutting was calculated as described elswhere(24–

26) (Table 1). Twenty-nine percent of the viral genome had indels at the target site. To analyze 

the efficiency of the multiplex strategy, a PCR spanning exons 2 to 5 was performed, which 

gave a 3862 bp amplicon. Interestingly, while this WT amplicon was strongly detected in 

control MRC5s and in MRC5s expressing the unsp. gRNA; multiplex MRC5s showed a weaker 

WT band. Moreover, a weak amplification of 500 bp was also observed (Figure 2b), which 

probably represents a deletion of 3300 bp in the UL122/123 gene between the target sites of 

gRNA1 and gRNA3. When quantifying the weaker band (500 bp) in comparison with the wild 

type band (3862 bp), around 5% of the viral genome copies showed this deletion in the 

UL122/123 gene. In PCR, the amplification of small products are favored in comparison to 

longer fragments, so that these percentages might not represent the exact quantity of mutations 

in the viral genome extracted from HCMV-infected MRC5 cells. However, the presence of the 

small PCR fragments still proofs that a part of the viral genome has a larger deletion in the 
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UL122/123 gene. 

The effect of those mutations in the UL122/123 gene on the IE expression was then analyzed 

by western blot. The singleplex and multiplex strategies enabled a strong reduction of the IE1 

expression and nearly abrogated the IE2 expression (Figure 2c). The unexpected strong 

decrease of IE protein expression by the multiplex strategy is probably due to a combination of 

large deletions (5%) as analyzed by PCR and indels at each target site itself. Furthermore, the 

cut by the gRNA/Cas9 and the subsequent repair take at least 5 hours(27), which delay the IE 

expression, even if the gene is correctly repaired.  

The analysis of the Cas9 expression by western blot showed, that the singleplex and multiplex 

cells contained only a very low amount of Cas9 as compared to unsp. gRNA strategy. Thus, we 

questioned the stability of the Cas9 expression in transduced MRC5s. As shown in Figure 2(d) 

and (e), the Cas9 expression level was reduced during consecutive subculture steps. After three 

passages, the Cas9 expression was decreased by 60% (singleplex and multiplex) to 87% (unsp. 

gRNA). This Cas9 expression over time seemed not sufficient to prevent late events of the viral 

replication.  

Here we show that anti-HCMV CRISPR/Cas9 strategies disturb the viral genome at the target 

site, which results in a strong decrease of IE protein expression.  

 

Stable expression of the anti-IE CRISPR/Cas9 system induces mutations in the UL122/123 

gene in HCMV-infected U373-MG cells 

Since the Cas9 expression was not stable in MRC5 cells, we decided to perform a more detailed 

analysis of the efficiency of the singleplex and multiplex strategies in a HCMV-permissive 

astrocytoma cell line (U373-MG). These cells support a full lytic replication cycle of HCMV. 

We designed new LVs expressing a gRNA cassette and a Cas9 fused to the GFP(28) 

(Supplementary Figure 1). Those three LVs type 2 were used to transduce U373-MG cells at 
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MOIs varying from five to ten. Subsequently, these transduced U373-MG cells were FACS-

sorted based on their Cas9-GFPhigh expression. All three cell lines had a similar mean of 

fluorescence (MFI = 1985-2203) for Cas9-GFP expression, which represents a similar 

expression level of the CRISPR/Cas9 system in the different cell lines (Supplementary Figure 

2).  

The three transduced U373-MG cell lines were infected with three different low passage 

HCMV strains: TB40GFP, Toledo and VR1814(29). The HCMV viral genome was extracted 

eight days pi to analyze mutations induced by the gRNA/Cas9. The efficiency of both, the 

singleplex and multiplex strategies, was assessed as described before with the MRC5. The 

singleplex strategy yielded 30–50% indels (Figure 3a and b and Table 2) thus slightly higher 

than in the MRC5. To confirm that the mutations were induced by the singleplex strategy, the 

target region of gRNA1 was analyzed by Sanger sequencing. Small indels were detected around 

the cleavage site of gRNA1 (Figure 3e). For the multiplex strategy, a major amplification of 

500 bp (Figure 3c and d) representing the deletion of the target region between gRNA1 and 

gRNA3, and a smear above representing smaller deletions, were detected. The quantification 

of this band and the smear above in comparison to the WT band revealed that up to 95% of the 

viral genome was affected by the multiplex strategy (Table 2). Importantly, all three viral strains 

tested were similarly efficiently targeted showing the universal usage of our anti-IE gRNAs 

(Table 2). Overall, the multiplex strategy was more efficient than the singleplex strategy and 

showed significant higher yields of mutations in the viral genome.  

 

Dramatic decrease of IE protein expression in HCMV-infected U373-MG cells expressing 

gRNA/Cas9  

We analyzed, if the induction of mutations in the IE gene led to a concomitant reduction of IE 

expression in the different U373-MG cell lines, two and eight days pi, with three different viral 
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strains. The unsp. gRNA cell line was equally permissive to HCMV infection compared to 

untransduced control cells for the three HCMV strains tested suggesting that there was no effect 

of the Cas9/unsp. gRNA on the viral infection (Figure 4a and b). HCMV-infected singleplex 

U373-MG cells showed a reduction of IE positive cells of up to 50 % with TB40GFP or Toledo. 

The multiplex strategy was significantly more efficient than the singleplex and reduced the 

amount of IE positive cells by 75-85% (Figure 4a and b). The endotheliotropic HCMV strain 

VR1814 could only be used at a low MOI (0.1). In this conditions, the singleplex strategy was 

already significant to reduce the IE expression by up to 75 % (Figure 4a and b). The decrease 

of IE positive cells by the multiplex strategy reached up to 95% for VR1814. In comparision to 

the strains, TB40GFP and Toledo, at a low MOI, the effect on IE reduction was also stronger 

than with a MOI of 1 (Supplementary Figure 3). Subsequent analyses for TB40GFP and Toledo 

were done with an MOI of 1 to strongly challenge the anti-viral CRISPR/Cas9 system. 

Comparing the effect of both strategies between day two and day eight pi, it appears that the 

decrease of IE expression was stable over time when cells were infected with TB40-GFP. The 

IE expression decreased significantly over time in cells harboring the multiplex strategy 

infected with Toledo (MOI 1).  

A western blot analysis was performed to analyze both major IE splice variants (IE1 and IE2). 

The expression of both IE variants was impaired by the anti-UL122/123 CRISPR/Cas9 system 

with a higher effect on IE2 than on IE1. Importantly, the IE2 expression was undetectable with 

the multiplex strategy for Toledo and VR1814 (Figure 3c), which could point out a possible 

knock-out of IE2. We also analyzed the expression of the Cas9 by western blot and could 

confirm a stable and comparable expression level of the Cas9 in all three U373-MG cell lines. 

Mutations induced by the singleplex and multiplex strategies led to a significant and stable 

decrease of the number of IE positive cells over time and to almost undetectable levels of the 

IE2 protein. 
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The multiplex strategy is superior over the singleplex strategy to inhibit the viral genome 

replication and late protein expression  

IE proteins are transactivators and induce the production of delayed early proteins, essentials 

for the genome replication, and for the production of structure proteins, needed for the assembly 

of new virions(22,23). Thus, the disruption of IE expression abrogates the progression of the 

viral replication cycle. We analyzed eight days pi, the effect of the anti-IE CRISPR/Cas9 

strategies on the genome replication using a qPCR on the US8 gene. While the singleplex 

strategy was only effective for VR1814 at a low MOI with a decrease of 80% of viral genome 

copies, we detected 70 to 90 % less viral genome in U373-MG containing the multiplex strategy 

compared to the untransduced cells for all viral strains (MOI of 1 or 0.1) (Figure 5a). 

Furthermore, we analyzed the expression of the viral envelope glycoprotein B (gB), an IE-

dependent late viral antigen, by intracellular FACS eight days pi. The untransduced control 

U373-MG cells infected with Toledo harbored around 6.5% of gB positive cells (Figure 5b). 

The use of gRNA1 alone only slightly decreased the percentage of gB positive cells, while the 

multiplex strategy nearly abrogated the gB expression (Figure 5b and c). The expression level 

of gB for TB40GFP (MOI 1) and VR1814 (MOI 0.1) was not high enough to be detected by 

FACS analysis. 

Overall the progression of the viral replication cycle was dramatically impaired by the multiplex 

strategy, as shown by a strong reduction of the genome replication and by the decreased 

expression of the late envelope glycoprotein B.  

 

The anti-HCMV multiplex strategy strongly impairs virion release from U373-MG cells 

The multiplex anti-IE CRISPR/Cas9 system efficiently decreased gB expression and genome 

replication. To assessed the production of infectious viral particles, we established a trans-
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infection plaque assay based on direct cell-to-cell transfer of the virus, because U373-MG cells 

only poorly secrete HCMV particles in the extracellular space(30). Control U373-MG cells and 

the unsp. gRNA cell line, infected with TB40GFP reached a trans-infection plaque-titer of 

around 2500 plaques/10^5 cells (Figure 6a). Singleplex U373-MG cells released 32 % less 

infectious virions (1600 plaques/10^5 cells). Importantly, targeting the UL122/123 gene with 

the multiplex strategy decreased virion release by 80 % in average (Figure 6a) (436 

plaques/10^5 cells). In comparison, Toledo was produced in much higher amounts by the 

control and unsp. gRNA cells (7287 plaques/10^5 cells) (Figure 6b). While the singleplex 

U373-MG cells released 67 % less infectious virions (4925 plaques/10^5 cells), multiplex 

U373-MG cells showed a remarkably 98 % inhibition of virion release (156 plaques/10^5 cells, 

Figure 6b). 

In conclusion, the multiplex anti-HCMV CRISPR/Cas9 system strongly inhibits the production 

of infectious viral particles and efficiently prevents viral spreading in vitro. 

 

Discussion 

HCMV is a widely spread infection in the human population and can cause severe end 

organ diseases in immunosuppressed patients such as solid-organ or HSC transplanted patients. 

Treatments exist, but are only efficient on replicative virus and have no effect on the latent virus 

pool. Here, we proposed an antiviral strategy expected to be applicable for both lytic and latent 

viral infections. Using CRISPR/Cas9, we excised several exons from the essential UL122/123 

gene and further blocked IE-dependent steps of the viral replication life cycle. 

We designed two CRISPR/Cas9 strategies to knock-out the UL122/123 viral gene based 

on one or three gRNAs. The UL122/UL123 gene encodes the Immediate Early molecules, IE1 

and IE2, which are the first molecules expressed during the replication cycle and are essentials 

for the end of latency. Whereas IE2 is known to be essential for the viral replication(20,21),(23) 
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and is expressed at first in the lytic replication cycle(31); IE1 is more responsible for 

transcriptional activation of immediate early and delay early promoters by the inhibition of 

HDACs (32),(33) and is only essential for infections with a very low MOI(34–36). Furthermore, 

the IE molecules are necessary for the initiation of replication from latency and a splice variant 

of IE1 is essential for the viral genome maintenance during latency(37). The destruction of the 

UL122/123 gene would therefore not only be efficient to inhibit lytic replicating virus, but 

would also prevent reactivation form latency and persistence in the host cell. Since IE molecules 

also influence the host cells in terms of cell cycle regulation and cytokine release(38,39), the 

inhibition of the expression of those molecule would therefore protect the cells from those side 

effects. Moreover, Formivirsen, an approved anti-CMV-retinitis drug, is based on an antisense 

oligonucleotide targeting the UL122/123 gene and is efficiently blocking local HCMV 

replication(40). Consequently, the UL122/123 gene is a suitable target for an anti-HCMV 

CRISPR/Cas9 system. Targeting the HCMV genome by the CRISPR/Cas9 system has been 

already investigated by Van Diemen et al.(18). Several gRNAs targeting delay early genes, 

which are involved in the viral genome replication, were tested as singleplex approach and 

achieved short time inhibition of viral replication. Here, we improved the HCMV-targeting by 

choosing an earlier target gene (immediate early) and three gRNAs on the same gene to block 

viral protein expression and to prevent the further steps of replication cycle.  

In this study, we challenged cells, pretreated with the singleplex or the multiplex 

strategy, with three different HCMV viral strains. When cells were infected at a low MOI (0.1), 

the singleplex strategy was efficient at decreasing the expression of IE molecules. Interestingly, 

the analysis of the splice variant expression showed a possible knock-out of IE2 and a very 

strong decrease of IE1. Both variant are essential at this MOI, which explains the subsequent 

inhibition of the replication cycle. As expected, the reduction of IE molecules by the singleplex 

strategy for the viral strains Toledo and TB40GFP at a higher MOI (1) is not sufficient to 
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prevent viral replication. The expression of a low amount of IE2 under this conditions, was 

probably sufficient to start the replication cycle and could be boosted by the positive 

autoregulation of IE1 as already proposed by others(35). Van Diemen and colleagues also used 

a singleplex strategy anti-HCMV to target delay early genes with different efficacies at 

impairing the viral replication, even when a very low MOI (0.05) was used(18). Furthermore, 

simultaneously targeting of the viral genome with several gRNAs completely abolishes the viral 

cycle as shown so far for HSV-1, HIV and HBV(18,41,42). In line with this, we confirmed that 

targeting HCMV with a multiplex strategy was more efficient than a single gRNA. It abrogated 

IE expression at low and high MOI and led to a subsequent blockage of the viral replication 

cycle. Importantly, our multiplex strategy was effective on the three viral strains tested thus 

opening perspectives for its use for clinical application. 

 The use of RNAs-guided endonuclease offers advantages over the actual standard 

treatment for HCMV infections, which are Ganciclovir and Foscarnet. They block the 

productive infection of HCMV by targeting the viral polymerase UL54(43). This improves the 

health of patients facing HCMV diseases significantly, but side effects such as nephrotoxicity 

and myelosuppression are essential problems for the patient. Developing CRISPR/Cas9 

strategies targeting the viral genome with low/no homology to the human genome should be 

less toxic and have no proven myelosuppressive effects.(15) Moreover, nowadays several high-

fidelity Cas9s(44,45) have been shown to significantly reduce off-targets. As previously 

mentioned, controlling IE proteins expression was already used in clinic for CMV retinitis in 

HIV-1 patients before the development of highly active anti-retroviral therapy. The limit of 

such a strategy involving oligonucleotides is that the effect is only transient and usually does 

not completely inhibit the protein expression. As shown by Hamilton and colleagues(46), the 

knock-down of HCMV by siRNA targeting UL122/123 mRNAs reduces viral replication and 

virion release. However, the application of siRNA is very transient and would not prevent 



 

 

    Appendix 184 

HCMV replication over a longer time course. In contrast, the mutations or deletions induced 

by the CRISPR/Cas9 system are permanent and can provide a long-term protection, if all viral 

genome copies are efficiently targeted.  

Drug-resistances to Ganciclovir and Foscarnet are due to mutations in the kinase 

UL97 or polymerase UL54 genes(43),(47). Escape mutations against the antiviral-

CRISPR/Cas9 singleplex system has been shown before on HIV(48,49),  and on HCMV(18). 

For example, the proposed anti-HCMV CRISPR/Cas9 systems by Van Diemen et al. using 

one gRNA targeting essential viral genes involved in viral genome replication gave rise to 

viral escape mutations. Those viral genomes harbored in-frame mutations, after being targeted 

by the anti-viral gRNA/Cas9.The probability of an escape mutation would be significantly 

lower with a multiplex strategy, because the cut within several targets leads nearly always to 

the deletion of parts or the complete targeted region and not just to small indels. Moreover, 

two studies on HIV have also shown that the duplex strategy can prevent escape mutations 

and viral breakthrough replication(41,50). They have proven that the combination of several 

gRNAs diminishes the probability of in-frame mutations and that a longer exposure to 

Cas9/gRNAs increases the frequency of bigger deletions in the viral genome. Furthermore, a 

more extensive multiplex strategy was successfully used against EBV, whose genome of 170 

kbp could be destroyed entirely in Raji cells by the use of seven gRNAs simultaneously(13). 

Our multiplex strategy is expected to prevent the viral escape as described for the other 

viruses. It induced mainly large deletions (80-95%) after an exposure of only eight days. 

Moreover, to reach this goal, high Cas9 expression is needed to target all copies of the viral 

genome before the expression of the IE molecules, which occurs as early as three hours after 

HMCV infection (31,51). It has been shown by Richardson et al, that the Cas9 stays for 

around 5.5 h attached to DNA after cleavage and therefore is not available to cut further target 

sites(27). During lytic replication, the viral genome copy number increases rapidly 
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exponential and it might not be possible for the Cas9/gRNA complex to target all copies. 

During natural latency in mononuclear cells from G-CSF mobilized blood or bone marrow no 

more than 13 viral genome copies are present per cell (52). As a consequence, low 

Cas9/gRNA expression is expected to target all viral genome copies in a manageable 

exposure time.  

 In conclusion, we gave the proof-of-concept that targeting the UL122/123 gene of 

HCMV genome with a multiplex strategy is efficient to affect the viral genome and to inhibit 

the virion release up to 98%. In this study, we showed that even a singleplex strategy is 

efficient at inhibiting viral replication, if a low MOI is used. The multiplex strategy is superior 

over a single gRNA at low and high MOIs. Thus, these results pave the way to the 

development of a promising new therapeutic strategy that could be applicable to treat a 

hematopoietic stem cell suspension. Challenges for such a pre-emptive CRISPR/Cas9 therapy 

involves an optimized ex vivo delivery system, the selection of the targeted cells and the use 

of high-fidelity Cas9(44,45). 
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Methods: 

gRNA design: 

The three gRNA were designed to target the UL122/123 gene close to the start codon and at the 

beginning and end of exon 5 in order to target all IE splice variants (Figure 1). Therefore, the 

sequence of the UL122/123 gene exon 2 and 5 was entered into the CRISPOR software 

(http://crispor.tefor.net) and the human genome was used as a reference for the calculation of 

off target sites. 14 different sequences of HCMV genomes available of NCBI were aligned for 

the potential target region to find conserved regions. gRNAs were selected based on a high 

selectivity score and low off target potential assessed by the software and in conserved regions 

of the viral genome. gRNA1 5’GGACTCCATCGTGTCAAGGACGG3’;  gRNA2 5’GT 

CCTGGATGGCTGCCTCGATGG3’;  gRNA3 5’GGTGCTACTGGAATCGATACCGG3’. 

For the unspecific gRNA we used a different DNA virus as input sequence and chose again a 

gRNA with low off target potential. Unspecific (unsp.) gRNA 

5’GAATTTCACCCTGACAAAGGGGG3’;  

 

Cells and Virus: 

MRC5 (primary fibroblasts, RD-Biotech S.A.S, France) and U373-MG (astrocytoma cell-line) 

cells were cultured in DMEM (Gibco life technology, USA); 10% (v/v) FCS (eurobio, France), 

100 U/mL Penicillin/streptomycin (Gibco life technology, USA) 2 mM L-Glutamine (Sigma, 

USA), 10 mM HEPES (Gibco life technology, USA), so called complete medium later on. 

MRC5 were transduced with concentrated lentiviral vector (LV) type 1 containing the Cas9, a 

puromycin resistance and one or three gRNAs. MRC5 were transduced with supernatant of LV 

diluted at 1:100 in complete medium supplemented with 4 ng/µL polybrene and spinoculated 

at 1000g for 90 min at 33 °C. The inoculum was replaced after 8 h with fresh complete medium. 

Three days post transduction, MRC5 were treated with 2 µg/mL puromycin for two days 
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(Merck KGaA, Darmstadt, Germany) and subsequently cultured in complete medium. After 

two weeks, cells were a second time selected with puromycin (0,5 µg/mL) every two days for 

a period of 9 days and further maintained in complete medium. U373-MG were transduced with 

a LV type 2 containing Cas9-GFP(28) and one or three gRNAs with MOIs ranging between 

five to ten. After a three-week expanding phase, p24 negative transduced cells were FACS 

sorted based on their GFP level. 

Viral stocks of TB40GFP, Toledo and VR1814 (kindly provided by Dr Giada Frascaroli and Pr 

Christian Sinzger, Ulm, Germany) were produced on MRC5 infected with a MOI of 0.01 and 

incubated in a low-FCS (2%) medium. Viral supernatants were harvested between seven to 

eight days post-infection (pi) and either used directly for infection or purified and concentrated 

by ultracentrifugation (24000 rpm, for 2.5 h at 4°C) on a 20% sucrose cushion (Qbiogene, 

USA). Viruses were tittered on MRC5 by a FACS analysis of IE positive cells 2 days pi.  

 

Infection of transduced and control cells 

MRC5 were plated in a 6-well plate (Falcon, Corning Incorporation, USA) at a density of 

1.5x10^5 cells/mL and U373-MG were plated in a 12-well plate (Falcon, Corning 

Incorporation, USA) at a density of 3x10^5 cells/ml, one day prior to the HCMV-infection. 

Subsequently, cells were incubated for 2 h with the inoculum (MOI 1-0.1) and further cultured 

in fresh complete medium as defined earlier. 

 

PCR and T7-Assay 

Cellular and viral DNA were isolated with the NucleoSpin TriPrep Kit (Macherey-Nagel, 

Düren, Germany). The target regions of the UL122/123 were PCR-amplified by either a small 

PCR (660 bp amplicon, Primers F: GTTCTCGTTGCAATCCTCGGTCAC; R: 

CGTGGCGGTAGGGTATGTGT) spanning the start codon for the IE or a bigger PCR 
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amplifying the whole UL122/123 region (3862 bp amplicon; Primers F: 

ACATGAGGGGGAGAAGGACA; R: CGTGGCGGTAGGGTATGTGT). For the T7-assay, 

the small PCR was purified by the NucleoSpin column (Macherey Nagel, Düren, Germany). 

200 ng of purified PCR product were denatured for five minutes at 95 °C and slowly re-

annealed in three steps consisting of 15 s at 95 °C, 15 s at 85 °C and 30 s at 25 °C followed by 

a 30 min digestion at 37 °C with T7 endonuclease (New England Biolab Inc., UK). The reaction 

was stopped by adding 2 µL 0.25 M EDTA and samples were analyzed by capillary 

electrophoresis on a Caliper LabChip GX device (PerkinElmer). The concentration and purity 

of each band was measured in comparison to an internal marker, which allowed us to quantify 

our digested and wild type (WT) bands. Percentage of indels were calculated based on the 

formula form Hsu et al(53).  

 

TA cloning and Sequencing 

PCR products of the infected U373-MG cells four days pi were inserted into an empty 

ampicillin/kanamycin vector via TA cloning and transformed into competent bacteria with the 

StrataClone PCR cloning KIT (Agilent Technologie Devision, USA) following the 

manufacturer’s instructions. After overnight incubation at 37 °C, positive clones were chosen 

by blue/white selection and send to sequencing to MWG (Eurofins Genomics GmbHm 

Ebersfeld, Germany). 

 

Virion release analysis by trans-infection plaque assay 

MRC5 were plated in a 24-well plate (Falcon, Corning Incorporation, USA) at a density of 

2*10^5 cells/mL to be used the day after for trans-infection plaque assay. Eight days after 

HCMV-infection, U373-MG cells were harvested, counted, serially diluted (from 10^5 to 1 cell 

per well) and seeded over the MRC5 monolayer in duplicate. After overnight incubation, liquid 
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media was replaced by 0.8% agarose (Sigma, USA) in MEM (Gibco life technology, USA) 

(10% FCS, 100 U/mL Penicillin/Streptomycin, 2 mM L-Glutamine, 10 mM HEPES). After 7-

14 days, plaques were observed by phase-contrast microscopy and counted. 

 

See supplement section of Material and Methods 
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Table 1: Relative quantification of CRISPR-induced mutations in UL122/123 gene in 

MRC5 cells  

 

 

Mean percentages of indels are presented. a The percentage of mutation for the singleplex 

strategy is analyzed based on the T7 assay and quantification of the PCR products and 

cleavage products by the Caliper microfluidic bioanalyzer. b Bigger delections induced by the 

multiplex strategy is analyzed by PCR and quantified by the Caliper microfluidic bioanalyzer 

(n=2 or 3 independent experiments for each transduced MRC5s).  

HCMV strain 

Mean in % ±SD 

control unsp. gRNA singleplex a multiplex b 

Toledo 0 ±0 0 ±0 29.02  ±2.31 5.36 ±0.86 
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Table 2: Relative quantification of CRISPR-induced mutations in UL122/123 gene in 

U373-MG cells  

 

 

 Mean percentages of indels are presented. a The efficiency of the singleplex strategy to 

induce mutations is analyzed based on the T7 assay and quantified by the Caliper microfluidic 

bioanalyzer. b Detection of deletion induced by the multiplex strategy is analyzed by PCR and 

quantified by the Caliper microfluidic bioanalyzer (n=3 independent experiments per virus 

strain). 

  

HCMV strain 

Mean in % ±SD 

control unsp. gRNA singleplex a multiplex b 

TB40-GFP 0 0 50.63 ±9.25 95.18 ±5.47 

Toledo 0.28 ±0.69 0.09 ±0.22 31.18 ±5.18 92.14 ±4.69 

VR1814 0.86 ±1.62 1.83 ±3.09 46.46 ±11.78 80.00±8.58 
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Figure 1: Design of the HCMV-targeting gRNAs: Scheme of the targeted UL122/123 gene 

and its major splice variants for IE1 and IE2 with the position of the three designed 

gRNAs anti-HCMV and their corresponding sequences (Scissors: gRNA/Cas9 

complex). 

 

Figure 2: Anti-HCMV CRISPR/Cas9 system induces mutations resulting in the decrease 

of IE protein expression in primary fibroblasts: MRC5 were transduced with one of 

the three LV type 1 and selected by puromycin treatment (2µg/mL) for 2 days. Control 

(untransduced) and puromycin-resistant MRC5 were subcultured prior to be infected 

with Toledo (MOI 0.1). Two days pi, proteins and DNA were extracted from the 

infected cells via TriPrep Kit. a) Viral DNA extracts were PCR-amplified at the target 

region. Amplicons were subsequently subjected to the T7 endonuclease to detect indels 

induced by the singleplex strategy. b) PCR amplicons of the whole IE gene were 

analyzed to detect bigger deletions induced by the multiplex strategy. The arrows 

highlight the indels (singleplex) and bigger deletions (multiplex) induced by the anti-

HCMV CRISPR/Cas9 strategies. (one out of three independent experiments is shown). 

c) Western Blot analysis of the IE and Cas9 expression 2 days pi (one representative 

western blot out of 3 independent experiments is shown). d) At each passage, proteins 

were extracted with the TriPrep Kit and the Cas9 expression was assessed by Western 

Blot. e) Relative quantification of Cas9 expression based on the Western Blot (d) 

normalized by housekeeping protein expression of actin. pt: post transduction. 

 

Figure 3: Mutations in the UL122/123 gene induced by the CRISPR/Cas9 anti-HCMV in 

U373-MG cell line: Control and transduced U373-MG cells were infected with HCMV 

(Toledo, MOI 1) and cultured for eight days. Viral DNA was extracted and PCR 
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amplified. a) T7-assay was performed on the PCR amplicon of Exon 2 to detect indels 

induced by the singleplex strategy.  b) Electrogramm of the T7 assay by the Caliper 

LabChip analysis for the in the unsp. gRNA and singleplex strategies. c) Large deletions 

induced by the multiplex strategy were highlighted by analyzing the whole UL122/123 

gene amplicon. d) Electrogramm of the PCR by the Caliper LabChip analysis identify a 

major amplicon of 500 bp and a smear above for the multiplex strategy. Arrows 

highlight the indels (singleplex) and bigger deletions (multiplex) induced by the anti-

HCMV CRISPR/Cas9 strategies. One representative experiment out of three is shown 

for Toledo, similar data were found with TB40GFP and VR1814 (n=3 independent 

experiments per virus strain) LM, lower marker; UL, upper marker. e) Sequence 

analysis of the mutations induced by the singleplex strategy in the viral genome four 

days pi. Black: protospacer + PAM; bold: start codon; grey: insertions; grey-white: 

substitution. 

 

Figure 4: Decrease of IE expression by the HCMV targeting CRISPR/Cas9 systems: 

Control and transduced U373-MG were infected with HCMV and harvested at two or 

eight days pi. a) Representative FACS histograms of intranuclear IE expression eight 

days pi are shown for all U373-MG cell lines and three different viral strains. The grey 

histogram represents uninfected U373-MG cells. b) IE expression on the different 

U373-MG cell lines normalized to HCMV-infected control U373-MG cells (dash line) 

(n=4 to 5 independent experiments). One-way ANOVA, multiple comparison tests, 

were performed to compare the results within the different cell lines and are presented 

in the table under each graph. Mann Whitney tests were performed to analyze each cell 

lines over time (day 2 pi vs day 8 pi). The only statistical difference is noted in the 

graph. c) Western Blot analysis of protein extraction obtained using TriPrep kit eight 
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days pi (one representative western blot out of 3 independent is shown for each virus 

strain as well as for the uninfected control U373-MG cells).  

 

Figure 5: Reduced progression of the viral replication cycle by the multiplex strategy: 

Transduced and control U373-MG cells infected with HCMV were harvested eight 

days pi a) Relative viral genome quantification normalized to HCMV-infected control 

U373-MG cells (dash line) (n=3 independent experiments, +/- SD) One-way ANOVA, 

multiple comparison test, was performed and significant differences in comparison to 

the control are mentioned. b) Cells were FACS stained for total gB expression. 

Representative dot plots of total gB expression after infection with Toledo. c) gB 

expression normalized to HCMV-infected control U373-MG cells (dash line) 

(triangles: unsp. gRNA; dots: singleplex; diamonds: multiplex) (n=4 independent 

experiments). One-way ANOVA, multiple comparison test, was performed.  

 

 Figure 6: Inhibition of virion release by the CRISPR/Cas9 anti-HCMV: Trans-infection 

plaque assay of infected U373-MG cells over MRC5 incubated in solid media. Plaque 

formation was observed seven to 14 days post trans-infection with TB40GFP-infected 

U373-MG cell lines (a) or Toledo-infected U373-MG cell lines (b). Each symbol 

represents medians of duplicates obtained in independent experiments. One-way 

ANOVA, multiple comparison test, was performed and only significant differences are 

mentioned in the figure. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Supplementary Figure 1 

 

 

Supplementary Figure 1: Constructs of HCMV-targeting CRISPR/Cas9 system: Scheme 

of the CRISPR/Cas9 constructs including the different gRNA cassettes: unsp. gRNA, 

singleplex and multiplex and the two lentiviral vectors: type1 with Cas9-T2A-puromycin 

resistance and type 2 with Cas9-GFP fusion protein. Arrows represent the different promoters. 

SF: scaffold  
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Supplementary Figure 2 

 

 

 

Supplementary Figure 2: Generation of U373-MG cell lines expressing the CRISPR/cas9 

strategies. U373-MG cells transduced with one of the three lentiviral vectors type 2 were 

FACS-serted based on the Cas9-GFPhigh expression. Post-sort analysis of each U373-MG cell 

line is presented. Mean of fluorescence is indicated above each histogram. 
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Supplementary Figure 3 

 
 
 
Supplementary Figure 3: Decrease of IE expression by the anti-HCMV CRISPR/Cas9 

systems at low MOI: Control and transduced U373-MG were infected with HCMV at a MOI 

of 0.1 and harvested at two or eight days pi. The different U373-MG cell lines were stained 

for intranuclear IE expression and analyzed by FACS. The fractions of IE positive cells were 

normalized to HCMV-infected control U373-MG cells (dash line) (n=3 independent 

experiments. One-way ANOVA, multiple comparison tests, were performed to compare the 

results within the different cell lines and are presented in the table under each graph. Mann 

Whitney tests were performed to analyze each cell lines over time (day 2 pi vs day 8 pi). Only 

statistical difference are noted in the graph.  
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Supplementary Table 1: Alignment of the target region of IE exon 2 for gRNA 1 
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Supplementary Table 2: Alignment of the target region in EI exon 5 for gRNA2 
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Supplementary Table 3: Alignment of the target region in IE exon 5 for gRNA3 
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Supplemental Material and Methods 

Cloning of the lentiviral vectors 

The different gRNAs used in this study were designed with the web tools from Zhang Lab, MIT 

2015 (http://crispr.mit.edu) and the TEFOR/CNRS network 

(http://tefor.net/crispor/crispor.cgi). Unspecific (unsp.) gRNA 5’GAATTTCACC 

CTGACAAAGGGGG3’; gRNA1 5’GGACTCCATCGTGTCAAGGACGG3’; gRNA2 5’GT 

CCTGGATGGCTGCCTCGATGG3’; gRNA3 5’GGTGCTACTGGAATCGATACCGG3’ 

The gRNA1 and the unsp. gRNA were synthetized as oligonucleotids and cloned into the 

pX330 (Addgene). Further the gRNA1 or the unsp. gRNA and their promoter were PCR-

amplified with the following primers F: 5’ATATGAATTCTT 

TTGCTCACATGTGAGGGC3’, R: 5’ATATGAATTCCGCGCTAAAAACGGACTAGC3’. 

The amplicon was then cloned in the LV type 2 expressing the S. pyrogenes Cas9-GFP489 by 

EcoRI. The expression cassette encoding the three gRNAs including their own promoters (U6, 

H1 and 7SK)348 for the multiplex strategy was synthetized (GeneScript, Piscataway, USA) and 

cloned by EcoRI in the LV type 2.  

The LV Cas9 Puro (Addgene plasmid # 52961) contains the Cas9-P2A-Puromycin as well as a 

U6 promotor for gRNA expression. The gRNA1 and the unsp. gRNA were synthetized as 

oligonucleotids and cloned into the LV type 1 expressing the S. pyrogenes Cas9 Puro following 

the Zhang’s Lab protocol. The mutliplex strategy was PCR amplified form the LV Cas9-GFP 

by the following primers: F: TATAttaattaaacgcgtGAGGGCCTATTTCC, R: 

TATAgaattccgtacgaAAAAAAGCACCGA and cloned into the LV Cas9 Puro via PacI and 

EcoRI.  
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qPCR 

Cellular and viral DNA were isolated with the NucleoSpin TriPrep Kit (Macherey-Nagel, 

Düren, Germany) and the viral genome was quantified by a US8 qPCR with the following 

primers F: GGCACCAAATGCAGAGTGAG, R: AAGCCGTATTCCGTTTGCG, and probe: 

TGGTCCAAGTCCGTGGGCACC (FAM-BHQ-1, Eurofins Genomics GmbH, Ebersberg, 

Germany). The absolute quantification was performed based on a plasmid standard (10^6 to 

10 copies/well) with the TaqMan™ Universal PCR Master Mix (Thermo Fisher Scientific, 

Waltham, MA USA) at 45 cycles of 94°C 20 s, 57°C 20s and 72°C 20s. Because the 

percentage of infected cells varied from one experiment to another, the genome copy numbers 

were first normalized to the amount of total cellular DNA and then expressed as an index of 

the amount of viral genomes in HCMV-infected untransduced U373-MG cells. 

 

FACS 

Cells were stained with Live/Dead Fixable Dead Cell Stain Kit (Invitrogen- Thermo Fisher 

Scientific, USA), fixed in 3.2 % PFA for 10 min on ice and then permeabilized with PBS / 3 % 

BSA / 0.2 % Triton for 30 min on ice. Intracellular IE was detected by either an anti-HCMV 

mAb (clone MAB810R; Millipore, Germany) or an anti-IE/E CMV antibody (Argene 

Biomérieux, France). HCMV glycoprotein B (gB) was detected intracellularly by a mouse anti-

CMV gB antibody (1-M-12, Santa Cruz, USA). An anti-mouse IgG antibody conjugated to 

Alexa® 647 (BD Biosciences, USA) was used as a secondary antibody in all staining 

experiments presented in this study.  

 

Western Blot 

MRC5 (two days pi) or U373-MG (eight days pi) were harvested and the proteins were 

extracted by the NucleoSpin TriPrep Kit (Macherey-Nagel, Germany) according to 
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manufacturer’s protocol. 15 µL of the samples were separated by SDS-PAGE and transferred 

via semi-dry western blot on a nitrocellulose membrane (GE Healthcare life science, UK) for 

the U373-MG lysate or via liquid transfer on a PVDF membrane (Millipore) for the MRC5 

lysates. The membrane was blocked for 2 h in 5 % milk in TBST. IE were detected by the 

mouse anti-CMV antibody (MAB810R, Millipore, Germany) and a donkey anti-mouse HRP 

antibody (Jackson Immuno Research Labs, USA). After being washed, the membrane was 

incubated 5 min with the SuperSignal™ West Pico Chemiluminescent Substrate (Thermo 

Fisher Scientific, USA) and the signal revealed by the Luminescent Image analyzer LAS-

4000 (FujiFilm, Japan). Following a short wash in TBST, antibodies were removed from the 

membrane by Restore Western Blot Stripping Buffer (Thermo Fisher Scientific, USA) for 30 

min at room temperature and were used for subsequent detections. GAPDH or actin detection 

was used as a housekeeping protein with mouse anti-GAPDH (6C5, Santa Cruz, USA) or the 

mouse anti-actin (C4, Santa Cruz, USA) antibodies and a secondary antibody donkey anti-

mouse HRP. The Cas9-GFP from the U373-MG lysate was detected with a rabbit anti-GFP 

antibody (Invitrogen- Thermo Fisher Scientific, USA) and revealed by a goat anti-rabbit HRP 

secondary antibody (Jackson Immuno Research Labs, USA). The Cas9 form the MRC5 lysate 

was detected with the anti-Cas9-A647 (clone 7A9-3A3 Alexa 488, Cell signaling, The 

Nederland) and revealed with a secondary antibody donkey anti-mouse HRP. For the 

quantification of the proteins on the membrane, the pictures were analyzed by the software 

GIMP 2. The background signal of the membrane was subtracted and the signal intensity of 

each band was calculated in an arbitrary unit/mm2. The Cas9 expression was normalized to 

the actin expression. 
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2 Oral Presentations 

05/2017 Nantes “Advances in transgenic animal models and techniques” Fifth meeting of the 

Transgenic Rat ImmunoPhenomic platform of Nantes 

Selected oral presentation (and poster) “A multiplex CRIPSR/Cas9 system 

which inhibits the human Cytomegalovirus replication” 

10/2016 Hamburg “6th European Congress of Virology (ECV)” by the European Society for 

Virology (ESV)  

Best poster presentations: “Inhibition of Human Cytomegalovirus infection 

by the CRIPSR/Cas9 system” 

05/2016 Washington  “ASGCT 19th Annual Meeting” by the American Society of Gene & Cell 

Therapy 

Selected oral presentation: “The CRISPR/Cas9 system as an anti-viral 

treatment to prevent primary infection by HCMV positive hematopoietic stem 

cells” 

12/2015 Nantes: Annual Meeting of the Doctoral School « Biologie-Santé » Nantes/Angers        

Selected oral presentation: “A new antiviral strategy against HCMV using 

genome editing tools” 

07/2015 Nantes:  “Transgenic animals and genetic engineering techniques” of The Transgenic 

Rat Immunophenomic Platform facility of SFR François Bonamy, 

Biogenouest and IBiSA 

                             Selected oral presentation: “Genome editing: a new antiviral strategy 

against HCMV” 

3 Poster presentations 

10/2016 Hamburg “6th European Congress of Virology (ECV)” by European Society for 

Virology (ESV)  

Best poster: “Inhibition of Human Cytomegalovirus infection by the 

CRIPSR/Cas9 system” 

06/2016 Boston “FOCIS 2016” of the Federation by Clinical Immunology Societies (FOCIS) 

“The CRISPR/Cas9 system as an anti-viral treatment to prevent primary 

infection by Human Cytomegalovirus positive hematopoietic stem cells” 

4 Awards 

10/2016 Hamburg Poster Award ECV 2016 from Life Science Nord 

10/2016 Nantes Travel Grant from the of the Doctoral School « Biologie-Santé » Université 

de Nantes for the ECV 2016 in Hamburg 

05/2016 Nantes  Travel grant from Labex IGO for the “ASGCT 19th Annual Meeting” in 

Washington DC 

12/2015 Nantes  First prize for oral presentations at the Annual Meeting of the Doctoral 

School « Biologie-Santé » Nantes/Angers        

 

http://www.eusv.eu/
http://www.eusv.eu/
http://www.eusv.eu/
http://www.eusv.eu/


 

 

 

 

 
  

 

 

Utilisation du système CRISPR/Cas9 comme stratégie antiviral contre le 
Cytomégalovirus humain 
 

Abstract 
 

The human cytomegalovirus (HCMV) primary infection is 
usually asymptomatic but leads to latent infection of blood 
progenitor cells. Immunocompromised patients are at high 
risks of HCMV reactivation, which is associated with severe 
end organ diseases and increased mortality in transplant 
patients. Standard anti-viral treatments based on nucleotide 
analogues decreased the occurrence of HCMV reactivation 
and diseases, but induce side effects and drug-resistant viral 
strains. In this thesis, we introduced new anti-viral 
approaches based on the CRISPR/Cas9 gene editing tool. Two 
strategies are designed to target the UL122/123 gene of 
HCMV encoding the immediate early proteins, essential for 
lytic viral replication and reactivation from latency. We 
validated that the disruption of the UL122/123 gene by the 
CRISPR/Cas9 system to abrogate viral replication. The 
multiplex CRISPR/Cas9 system (three gRNA) was much more 
efficient than the singleplex approach targeting the same 
gene. Target gene expression, concomitant genome 
replication and virion release were significantly impaired by 
the multiplex strategy. A further anti-HCMV CRISPR/Cas9 
system was developed specifically to target the HCMV 
genome during latency. Two gRNAs target the viral genome 
at three target sites: LUNA, essential for reactivation, and the 
two homolog TR regions. We verified this duplex strategy on 
the lytic replicating virus and detected mutations at the 
target site as well as the reduction of viral genome copy 
number. In conclusion, the anti-HCMV strategies based on 
two or three gRNAs efficiently blocked viral replication. This 
provides the basis for the development of an anti-HCMV 
CRISPR/Cas9 therapy. 
 

Human cytomegalovirus, CRISPR/Cas9, Immediate Early,  
Multiplex, Anti-viral therapy, Latency, LUNA, TR region 
---------------------------------------------------------------------------
------------------------------- 

 

 

Résumé 
 

L’infection primaire par le cytomégalovirus (CMV) humain est 
asymptomatique. Le sujet infecté reste cependant porteur 
du virus à l’état latent. Le CMV ne se réactive que 
sporadiquement chez l’individu immunocompétent. Chez les 
patients immunodéprimés, la réactivation du CMV peut 
induire des maladies à CMV touchant des organes vitaux et 
peut mettre en jeu le pronostic vital du patient. Les 
traitements standards sont efficaces mais leurs effets 
secondaires et l’apparition de souches virales résistantes 
relancent l’engouement pour le développement de nouvelles 
thérapies. Lors de ma thèse, j’ai utilisé le système 
CRISPR/Cas9 afin de déstabiliser le génome du CMV. Nous 
avons choisi de cibler le gène UL122/UL123 codant pour les 
molécules immediate early essentielles au cycle lytique 
réplicatif et à la sortie de la latence. Nous avons comparé 
deux stratégies utilisant soit un soit trois gRNAs, 
respectivement appelées singleplex et multiplex ciblant ce 
même gène. Alors que le singleplex induit des insertions et 
délétions au site de coupure du gRNA, la stratégie multiplex 
induit la délétion de 3500 paires de bases du gène ciblé. De 
ce fait, la stratégie multiplex bloque efficacement 
l’expression du gène ciblé, la réplication virale et le relargage 
de nouveaux virions. Une autre stratégie a été développée 
pour cibler spécifiquement le génome à l’état latent. Les 
deux régions homologues TR et le gène LUNA sont ciblés par 
deux gRNAs. Cette seconde stratégie résulte elle aussi en une 
diminution du nombre de copies de génome viral lors du 
cycle lytique de réplication. Il est désormais possible 
d’envisager de nouvelles solutions thérapeutiques anti-
HCMV avec la stratégie CRISPR/Cas9.  

 
Cytomégalovirus humain, CRISPR/Cas9, Molécules 
Immediate early, Multiplex, Stratégies thérapeutiques 
antiviral, Latence, LUNA, Région TR 
---------------------------------------------------------------------------
------------------------------- 
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