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1 Abstract 

Viral infections remain a significant cause of morbidity and mortality worldwide. Of 

these, congenital infection with human cytomegalovirus (HCMV) is the leading non-

genetic cause of long-lasting disabilities in newborns. However, the precise 

mechanisms underlying increased susceptibility to congenital HCMV infection and 

disease are unclear. 

While mouse models are the most used to study virus-host interactions, the murine 

cytomegalovirus (MCMV) is not able to cross the materno-fetal barrier and infect the 

fetus, and the mechanisms of fetal protection are incompletely understood. This thesis 

aimed to decipher cellular mechanisms at the materno-fetal barrier that prevent the 

fetus from being infected with MCMV. Primary placental cells and placenta trophoblast 

cell lines exhibited low susceptibility to infection with MCMV. This was associated with 

a low expression of the host factor neuropilin-1, and artificial expression of this protein 

increased cell susceptibility to infection. These results suggest a new mechanism of 

protection where cells that form the murine materno-fetal barrier exhibit low 

susceptibility to MCMV infection, resulting in protection of the fetus from vertical 

infection in utero. 

T cells are important in clearing CMV infections, but their role in congenital CMV 

disease is unclear. In a mouse model of congenital disease, neonates exhibited a 

delayed expansion of MCMV-specific T cells which was associated with a low number 

of T cells in early life. Adoptive transfer of polyclonal or antigen-specific T cells into 

neonates were not protective due to a deficient CD8 T cell differentiation into cytotoxic 

phenotypes. This deficiency was associated with lower concentrations of gamma-chain 

cytokines critical for priming and maintenance of cytotoxic CD8 T cells. In a clinical 

cohort of HCMV-exposed newborns, low frequencies of highly cytotoxic CD8 T cell 

subsets were detected, in line with the increased susceptibility to HCMV disease in 

early life. In summary, deficient priming of CD8 T cells in congenital CMV infection can 

contribute to increased disease susceptibility. 

Virus-specific T cell responses are generated upon viral infections, but their diagnostic 

potential is under-recognized. With the advent of the SARS-CoV-2 pandemic, this 

thesis aimed to establish cell-mediated immunity (CMI) tests that identify previous 

SARS-CoV-2 infections. A total of 522 individuals were enrolled in the early phases of 
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the pandemic and, using a certified chemiluminescence immunoassay, interferon-

gamma release into supernatants was measured after T cell stimulations with spike 

and nucleocapsid peptide pools. Test performances were calculated applying cutoff 

values with the highest Youden indices and compared to a commercially available 

serologic test.  CMI tests performed similarly to a commercially available SARS-CoV-

2 antibody test and were less affected by confounding effects such as time from 

positive PCR result, diabetes and dyslipidemia. In conclusion, CMI tests are simple, 

cost-effective tests that accurately identify adaptive T cell immunity in SARS-CoV-2 

convalescent individuals.  
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2 Zusammenfassung 

Virusinfektionen sind weltweit nach wie vor eine wichtige Ursache für Morbidität und 

Mortalität. Die kongenitale Infektion mit dem humanen Cytomegalovirus ist die 

häufigste nicht-genetische Ursache für bleibende Schäden bei Neugeborenen. Die 

genauen Mechanismen, die einer erhöhten Anfälligkeit für HCMV-Infektionen und -

Erkrankungen im frühen Leben zugrunde liegen, sind jedoch noch unklar. 

Das murine Cytomegalovirus (MCMV) kann nicht die materno-fetale Barriere 

überwinden und den Fötus infizieren, und die Mechanismen des fötalen Schutzes sind 

nur unvollständig bekannt. Ziel dieser Arbeit war es, die zellulären Mechanismen an 

der materno-fetalen Barriere zu identifizieren, die eine Infektion des Feten mit MCMV 

verhindern. Primäre Plazentazellen und plazentare Trophoblastenzelllinien zeigten 

eine geringe Empfänglichkeit gegenüber einer Infektion mit MCMV. Dies war mit einer 

geringen Expression des Wirtsfaktors Neuropilin-1 verbunden, und die artifizielle 

Expression dieses Proteins erhöhte die Empfänglichkeit der Zellen. 

Zusammengenommen deuten diese Ergebnisse darauf hin, dass die Zellen, die die 

materno-fetale Barriere der Maus bilden, protektive Eigenschaften gegen eine MCMV-

Infektion aufweisen und den Fötus vor einer vertikalen Übertragung in utero schützen. 

T-Zellen spielen eine wichtige Rolle bei der Bekämpfung von CMV-Infektionen, aber 

ihre Rolle bei kongenitalen CMV-Erkrankungen ist unklar. In einem Mausmodell der 

kongenitalen Infektion zeigten Neugeborene eine verzögerte Expansion MCMV-

spezifischer T-Zellen, was mit einer niedrigen Anzahl von T-Zellen in der frühen 

Lebensphase zusammenhing. Der adoptive Transfer von polyklonalen oder 

antigenspezifischen T-Zellen hatte keinen schützenden Effekt, da die CD8-T-Zellen 

nicht in zytotoxische Phänotypen differenzierten. Dieser Defekt war mit niedrigeren 

Konzentrationen von Gamma-Ketten-Cytokinen verbunden, die für das Priming 

zytotoxischer CD8-T-Zellen essentiell sind. In einer klinischen Kohorte von HCMV-

exponierten Neugeborenen wurde eine geringe Frequenz hochzytotoxischer CD8 T-

Zell-Subpopulationen festgestellt, was mit der erhöhten Anfälligkeit für HCMV-

Erkrankungen im frühen Leben übereinstimmt. Diese Ergebnisse deuten darauf hin, 

dass ein unzureichendes Priming von CD8-T-Zellen während der kongenitalen CMV-

Infektion zu einer erhöhten Krankheitsanfälligkeit beiträgt.  

Virusspezifische T-Zell-Antworten werden bei Virusinfektionen erzeugt, aber ihr 

diagnostisches Potenzial ist noch nicht ausreichend erkannt. Mit dem Ausbruch der 
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SARS-CoV-2-Pandemie zielte diese Arbeit darauf ab, zellvermittelte Immunitätstests 

(CMI) zur Identifizierung früher SARS-CoV-2-Infektionen zu etablieren. Insgesamt 

wurden 522 Personen in den frühen Phasen der Pandemie rekrutiert, um die 

Interferon-gamma-Freisetzung in Überständen nach T-Zell-Stimulation mit Spike- und 

Nukleokapsid-Peptid-Pools mit einem zertifizierten Chemilumineszenz-Immunoassay 

zu messen. Die Testleistung wurde unter Verwendung der Schwellenwerte mit den 

höchsten Youden-Indizes berechnet und mit einem kommerziell erhältlichen 

serologischen Test verglichen.  Diese CMI-Tests zeigten vergleichbare Ergebnisse wie 

die kommerziell erhältlichen SARS-CoV-2-Antikörpertests und wurden weniger durch 

Störfaktoren wie die Zeit nach einem positiven PCR-Ergebnis, Diabetes und 

Dyslipidämie beeinflusst. Zusammenfassendkann gesagt werden, dass CMI-Tests 

praktikable, kostengünstige Tests sind, die die adaptive T-Zell-Immunität bei 

rekonvaleszenten SARS-CoV-2-Patienten genau bestimmen. 
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3 Introduction 

3.1 Immune system 

The immune system is an intricate network of cells and molecules that cooperate to 

protect the host organism against infectious pathogens and tumors. To accomplish this 

vital function, strict mechanisms that differentiate “self” and “non-self” entities 

(antigens) must be engaged. Once a foreign antigen has been identified, the immune 

system triggers a range of responses to selectively eliminate it, while preventing 

damage to the surrounding healthy tissues. The immunity of vertebrates is classically 

divided into innate and adaptive, which differ in their response times to new and to 

repeated stimuli. The innate immune system is the first line of defense and provides 

rapid, non-specific responses to pathogens. In contrast, the adaptive system acts 

slower but is highly specific to antigens. B- and T cells make up the adaptive immune 

system and, upon encounter with their cognate antigens, can generate long-lived 

memory cell subsets allowing for a more efficient reaction to repeated stimuli. The 

correct coordination between the innate and adaptive systems is crucial to ensure not 

only a timely but also fine-tuned response against pathogens. An overactive response 

may lead to damage of healthy tissues and autoimmune diseases, while an insufficient 

response may lead to increased proliferation of pathogens and increased tissue 

damage. 

3.1.1 T cells 

T cells are part of the adaptive immune system, playing a central role in recognizing 

and responding to specific antigens. T cell development begins in the bone marrow, 

from which precursors migrate to the thymus for maturation. During this process, T 

cells commit to the expression of either the α- and β-chains of the T cell receptor (TCR) 

or the - and -chains, resulting in a major population of adaptive  T cells or a minor 

population of innate-like  T cells. The TCR is a highly variable molecule whose main 

function is to recognize peptides bound to major histocompatibility complex (MHC) 

molecules to initiate the adaptive immune response. To achieve this high variability, 

several recombination events occur during the maturation of T cells in the thymus, 

leading to a diverse amino acid sequences of TCRs, which can recognize virtually any 

antigen.  
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Mature  T cells migrate from the thymus to secondary lymphoid organs, including 

the spleen and lymph nodes. Here, these cells remain in a resting (naïve) state, 

characterized by the surface expression of molecules such as C-C chemokine receptor 

type 7 (CCR7) and CD62L, which are homing receptors for secondary lymphoid 

tissues1 (Fig. 1A).  T cells express either CD4 or CD8 molecules on their surfaces, 

which ultimately determines their functions. CD4 is a co-receptor that binds directly to 

MHC class II molecules, which are almost exclusively expressed in antigen presenting 

cells (APCs) such as dendritic cells, macrophages, and B cells. Therefore, initially CD4 

T cells preferentially interact with APCs and provide so-called “help” signals to other 

cells. The CD8 molecule interacts with MHC class I molecules (expressed on all 

nucleated cells), and the main function of CD8 T cells is to eliminate pathogen-infected 

or cancer cells. 

Naïve T cells can recirculate between secondary lymphoid tissues and the 

bloodstream to increase the probability of a contact with APCs that potentially bear 

their cognate antigens on their surface MHC molecules. Upon an infection, activated 

APCs capture antigens in peripheral tissues and migrate to secondary lymphoid 

organs to present these antigens and activate T cells.  

Activation of T cells is dependent on three types of signals provided by other cells (Fig. 

1B). Initially, APCs expressing high levels of MHC present antigens to T cells through 

their TCR (signal 1). Recognition of the cognate antigen by the TCRs leads to a stable 

interaction with the peptide-MHC (pMHC) complex of the APC, resulting in signaling 

for proliferation and differentiation of the T cell2. Activated APCs additionally express 

co-stimulatory molecules such as CD80, CD86, CD70, and CD40 which provide 

additional survival and proliferation signals to, e.g., T cell (signal 2) (Fig. 1B)3. 

Activation through signals 1 and 2 are sufficient and necessary to generate effector T 

cells4, while TCR stimulation lacking signal 2 can lead to anergic states or apoptosis3. 

Initial activation through signals 1 and 2 result in the increased expression of several 

cytokine receptors, and cytokine signaling (signal 3) finally optimizes T cell activation 

and influences the phenotype of the activated T cell5,6 (Fig. 1B). Importantly, the 

differentiated T cell phenotype depends on the combination of multiple signals 1, 2, 

and 3, which are required for full activation6. Thus, highly variable effector T cell 

subpopulations are generated upon T cell activation as a result of different amounts of 

activation signals (Fig. 1C). 
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Figure 1. Generation of effector T cells. (A) Naïve T cells express diverse T cell receptors (TCR) 

specific against different pathogens (represented by different colors of the receptor). These cells localize 

preferentially in secondary lymphoid organs due to their high expression of homing molecules such as 

CCR7. (B) Upon infection, antigen-presenting cells (APCs) present antigens from the invading pathogen 

to all T cells. T cells specific against other pathogens do not recognize any antigen (upper panel), while 

T cells specific against the invading agent bind the peptide-MHC complex (pMHC) from the APC (lower 

panel). Additionally, APCs overexpress co-stimulatory molecules, e.g., CD80 (signal 2), and secrete 

cytokines (signal 3) that provide further activating signals to naïve T cells. (C) To increase the probability 

of an encounter with an infected cell, activated T cells proliferate over several days and differentiate into 

effector phenotypes. Differentiated cells become larger, express higher levels of CD44 and produce, 

e.g., cytotoxic granules that contain effector molecules and are released upon re-encounter with cognate 

antigen-bearing cells.  

Cytokines influencing T cell responses vary depending on the activating pathogen. 

Viral and bacterial infections induce the production of interleukin- (IL-) 12 by dendritic 

cells, which in turn act on CD4 T cells to produce and secrete interferon- (IFN-), tumor 

necrosis factor- (TNF-), and IL-2. Thus, these CD4 T cells exhibit a T helper 1 (Th1) 

phenotype and act on CD8 T cells and macrophages to continue a cell-mediated 

immune response. Dendritic cell-derived IL-12 provides initial activation signals to CD8 
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T cells after TCR engagement and co-stimulation. Furthermore, IL-2 provides 

proliferation signals to activated CD8 T cells and enhances their differentiation into 

cytotoxic phenotypes. IFN- and TNF- act directly on CD8 T cells to advance their 

differentiation into cytotoxic T cells7,8. Additionally, IFN- stimulates macrophages to 

increase their phagocytosis activity, leading to the engulfment of pathogens and rests 

of cells killed by CD8 T cells. Extracellular parasites and allergens initiate T helper 2 

(Th2) responses by CD4 T cells after IL-4 stimulation and leads to a humoral response, 

i.e., mediated by soluble molecules. Stimulation of naïve CD4 T cells with IL-4 leads to 

their production of cytokines such as IL-4, IL-5 and IL-13, which enhance activation of 

B cells to secrete IgE antibodies, recruit eosinophils and increase mucus production, 

respectively. Alternatively, extracellular bacteria and fungi can lead to T helper 17 

(Th17) phenotypes, which are characterized by secretion of IL-17 by CD4 T cells 

causing the recruitment of neutrophils. 

T cells can be additionally classified according to their differentiation states9. In 

humans, both CD4 and CD8 naïve T cells express CCR7 and CD45RA surface 

markers, which are indicative of a naïve phenotype10. Upon activation, differentiation 

into effector cells leads to loss of CCR7 expression, leading to terminally differentiated 

T cells (TEMRA – T effector memory expressing CD45RA), whose populations 

undergo a contraction phase upon resolution of infection11. Additionally, subtypes of 

long-living, pathogen-specific CCR7+CD45RA- central memory and CCR7-CD45RA- 

effector memory cells remain in a resting state until a possible further contact with their 

cognate antigens, thereby allowing for a quicker response against recurring 

pathogens. Classification of T cell subtypes is less clear in mice. Here, naïve cells are 

classically characterized by the expression of CD62L in the absence of CD44, effector 

cells are CD44+CD62L-, while memory populations seem to simultaneously express 

both membrane markers.  

The differentiation of CD8 T cells is orchestrated by the initial activation provided by 

APCs in combination with help signals from CD4 T cells12. In the case of viral infections, 

effector CD8 T cells acquire a cytotoxic phenotype and produce granules containing 

effector molecules such as granzymes and perforins (Fig. 2). Contact of effector or 

effector memory CD8 T cells with infected pathogens leads to release of these effector 

granules into the so-called immunological synapse. Here, perforin has been described 

to form large pores in the membrane of the antigen-bearing target cells, while 
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granzymes enter through these pores and initiate cell death pathways13 (Fig. 2). 

Alternatively, central memory CD8 T cells secrete high amounts of activating cytokines, 

leading to more proliferation of antigen-specific T cells and a faster antiviral response.   

 

 

Figure 2. T cell-mediated cytotoxicity. Activated CD8 T cells can bear large amounts of effector 

molecules, e.g., interferon- (IFN-, tumor necrosis factor-(TNF-, granzyme B (GZM B), and perforin 

(PRF), in cytotoxic granules. Upon contact with cognate antigen-bearing cells, CD8 T cells polarize 

towards the infected cells and release the cytotoxic granules to elicit T cell-mediated cell death. 

3.1.2 Early-life immunity in viral infections 

The immune system undergoes dynamic changes throughout life, and early human 

development is characterized by an immature immune system14, rendering this period 

particularly vulnerable to infections. Accordingly, infectious diseases are the leading 

cause of mortality and morbidity in under-five-year-old children15,16. Despite global 

efforts to reduce these factors, the reasons behind the increased susceptibility of 

children compared to adults remain under scrutiny17.  

Differences in the immune system during early life likely contribute to the heightened 

vulnerability of children18-24. The human fetus is especially at risk during infections25, 

even though the placenta confers an effective protective barrier against infection of the 

fetus. Members of the TORCH (Toxoplasma, Others, Rubella, Cytomegalovirus and 

Herpes Simplex) complex can circumvent this barrier and result in serious 

complications26,27. Thus, control of these pathogens by the immune system is crucial 

for the future health of the unborn child. 
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The timing of infection is a major determinant of the pregnancy outcome28,29. Early-

pregnancy infection with CMV and Zika virus have been suggested to increase the 

likelihood of stillbirths30,31, while infection at later stages can result in long-lasting 

symptoms32. These differences can partially be attributed to the immune responses 

against these pathogens, as the fetal immune system heavily relies on innate immunity 

in the first trimester of pregnancy33,34. Adaptive T- and B cells can first be detected 

around the end of the first trimester of pregnancy33,35-37. At this stage, T cells are 

reported to undergo homeostatic proliferation38. As a result, several T cells share the 

same TCR sequences and the range of antigens that can be recognized by T cells is 

limited in comparison to that of adults36. Consequently, insufficient T cell numbers and 

weaker antiviral responses from the existing T cells can contribute to a higher 

susceptibility to early-life infections. 

3.2 Cytomegalovirus 

3.2.1 Health burden of congenital infection 

Congenital infection with human cytomegalovirus (HCMV) is the main non-genetic 

cause of permanent disabilities in newborns39. In utero infection with HCMV can lead 

to various complications including sensorineural hearing loss, mild to severe motor and 

developmental retardations, and stillbirths30,40. Notably, there are no effective 

preventive measures such as vaccines against congenital HCMV. Moreover, the 

available treatment options for the infected fetus are limited and often associated with 

severe side effects41. 

Despite the high seroprevalence of HCMV, routine screening for the virus during 

pregnancy is not commonly performed in most countries39,42. However, symptomatic 

congenital HCMV infection requires significantly longer hospital stays and treatment 

costs, placing a substantial economic strain on public health systems43,44. Therefore, 

understanding the pathophysiology, prevention, and treatment of congenital CMV 

(cCMV) infection is an urgent challenge. 

3.2.2 HCMV disease 

The prevalence of HCMV varies based on socioeconomic status and can reach up to 

100% in underdeveloped countries45,46. CMV establishes latency in the infected host, 

leading to an increased seroprevalence with age46,47. The virus exhibits high organ 
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tropism and is shed through almost all body fluids48. Therefore, primary infection can 

occur through several pathways, facilitating viral transmission. Importantly, HCMV can 

be transmitted through breast milk feeding, and children infected with HCMV are 

believed to be an important virus reservoir due to their prolonged viral shedding21.  

In immunocompetent adults, HCMV infection commonly results in mild disease or no 

symptoms49. However, the virus can be lethal in immunocompromised individuals, 

especially after solid organ or hematopoietic stem cell transplantations. Transplant 

recipients, under immunosuppressive therapy to prevent organ rejection, face an 

increased risk of HCMV reactivation or primary infection 50,51. The virus is a leading 

infectious agent post-transplantation, contributing to severe HCMV-related diseases, 

with symptoms including pneumonitis, hepatitis, retinitis and gastrointestinal disease 
52-54. Additionally, HCMV seems to increase the probability of graft-versus-host disease 

(GVHD)55-57, thereby increasing the burden of opportunistic infections. Human 

immunodeficiency virus (HIV) patients represent another group of high-risk individuals 

for CMV infection. Indeed, CMV co-infection can significantly worsen the prognosis of 

HIV-infected patients, even in the presence of antiretroviral therapy58,59. 

Congenital and perinatal infections form another branch of clinically relevant HCMV 

infections. The incidence of in utero HCMV infection worldwide ranges from 0 to 6% 

60,61. Infection of the fetus can result from i) primary infection of the mother during 

pregnancy, where it is estimated that 20-40% of infections lead to a congenital infection 
60; or ii) HCMV reactivation/reinfection events which occur in approximately 1% of 

pregnancies of latently infected women 60. Among congenitally infected children, 

approximately 10% develop long-lasting symptoms62, the most common being 

sensorineural hearing loss, vision loss and mental retardation63. In extreme cases, 

death of the congenitally infected neonate can occur64. Treatment with antivirals poses 

great challenges due to potential side effects and is only recommended to babies who 

are symptomatic at birth39. However, asymptomatic neonates may still develop long-

term sequelae, which commonly remain undiagnosed 65,66. Prevention methods for 

congenital HCMV infection are limited, relying on behavioural recommendations for 

pregnant women, while vaccine and passive immunization attempts have not been 

successful to date67-69. Therefore, the knowledge gaps regarding risk factors combined 

with the lack of effective prevention and treatment options emphasize the urgency of 

the congenital HCMV infection problem.  
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3.2.3 Structure, genome and entry of cytomegaloviruses 

Cytomegaloviruses (CMV) belong to the Betaherpesvirinae subfamily within the 

Herpesviridae family and have linear genomes of approximately 230 kilobase pairs 

(kbp) in size. The viral genome is encased within an icosahedral nucleocapsid, which 

is itself surrounded by tegument proteins that are important for genome delivery into 

the nucleus70,71, expression of viral proteins72 and immune evasion73,74. Tegument 

proteins are enveloped by a lipid bilayer derived from the host, which expresses 

several glycoproteins essential for viral entry into new host cells (Fig. 3). 

 

Figure 3. Cytomegalovirus structure. Adapted from Close et al.75. 

The large genome of CMV results in approximately 750 open reading frames (ORFs)76, 

with only a small percentage of these genes being necessary for viral replication and 

structure77,78. Lytic CMV infection begins as the viral capsid is transported into the host 

cells’ nucleus, initiating a temporally regulated expression of viral genes. The process 

starts with the transcription of immediate early (IE) genes, which act as both 

transcription factors and trans-activators of early (E) proteins. Early genes are 

important in triggering DNA replication, while late (L) genes initiate the assembly of the 

capsid. Replicated DNA is packaged into the capsid, which subsequently egresses the 

nucleus into the cytoplasm, where it associates with tegument proteins within the viral 

assembly compartment. Finally, capsids are enveloped with host-derived membranes 

from the endoplasmic reticulum and Golgi apparatus. Mature virions can then 

associate with secretory vesicles and be released into the extracellular space79. 
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Cytomegaloviruses utilize glycoprotein complexes expressed on their envelope to 

facilitate their entry into host cells. In HCMV, the trimeric and the pentameric 

complexes are mainly involved in cell entry. The trimeric complex, consisting of viral 

glycoproteins H (gH), gL and gO, primarily facilitates HCMV infection of fibroblasts 

through the platelet-derived growth factor- (PDGFR-). Conversely, the pentameric 

complex, composed of gH and gL together with the unique long (UL)128, UL129, and 

UL131, is crucial to infect epithelial and endothelial cells as well as leukocytes such as 

monocytes and dendritic cells80. The HCMV pentameric complex primarily uses 

neuropilin-2 as a cell entry receptor81. Similarly, the murine CMV (MCMV) can employ 

two glycoprotein complexes for host cell entry. MCMV forms a trimeric complex with 

gH, gL, and gO similar to the HCMV trimeric complex, facilitating entry into fibroblasts 

and endothelial cells82. Additionally, another trimeric complex comprised of gH, gL and 

the MCMV chemokine 2 (MCK2) is homologous to the HCMV pentameric complex. 

MCK2 is essential for MCMV infection of macrophages83,84, with MHC-I recently being 

identified as an entry receptor in MCK2-mediated infections85.Moreover, a recent study 

suggests that neuropilin-1 (NRP1) may act as a receptor for MCMV85,86 in MCK-2 

independent infection, though its viral interaction partner remains elusive. 

3.2.4 Mouse models of CMV infection 

Cytomegaloviruses are notorious for their strict species specificity, with humans being 

the only known reservoir of HCMV. While HCMV infection cannot be modelled in other 

animals, established models using the related rhesus macaque CMV (RhCMV), MCMV 

and guinea pig CMV (gpCMV) provide valuable insights under controlled conditions87-

89. Murine CMV is the most used animal model, sharing a significant portion of the 

genome and essential features with HCMV, such as myeloid cell infection facilitating 

viral spread to other organs90, establishment of latency91 and efficient immune 

evasion92. 

MCMV establishes latency in its natural host and is shed through various body fluids, 

making it challenging to track viral entry in newly infected mice. Salivary glands serve 

as a major reservoir for MCMV, and animal bites might also constitute a route for 

horizontal transmission. MCMV infection through the footpad (f.p.) has been proposed 

to mimic this93. The most used infection routes in mouse experiments involve direct 

application of the virus into the circulation of the animal, either intravenously (i.v.) or 

intraperitoneally (i.p.). However, systemic infection through these routes is unlikely to 
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represent a natural infection pathway. Infection through the oral route has been shown 

to be inefficient94,95, though MCMV can be transmitted to mouse neonates through 

breast milk96. Alternatively, in several studies, infection is performed through mucosal 

tissues, e.g. the respiratory tract94,95, leading to high infection efficiency and virus loads 

in both adult and neonatal mice94,95,97. 

In contrast to HCMV, MCMV does not infect the fetus during pregnancy even after 

systemic infection98,99. The mechanisms that lead to fetal protection are unknown, but 

likely involve a combination of viral factors, host immune responses, and anatomical 

materno-fetal barriers. Indeed, in a model of infection during immunodeficiency, viral 

DNA could be infrequently detected in fetuses100. Additionally, attempts to overcome 

anatomical barriers by directly applying the virus into the placenta or the fetal brain 

resulted in brain infection, developmental changes, but also high fetal loss101,102. 

Guinea pigs are the only small animal model where congenital infection is seen and 

are widely used in vaccine studies103,104. However, commercial anti-guinea pig 

antibodies are scarce hindering the investigation of e.g. immune responses in this 

model. Furthermore, the gestation period of guinea pig is three times longer than that 

of laboratory mice105,106, significantly slowing down research output in this model. 

Although congenital CMV infection can also be studied in non-human primate models, 

these are significantly more expensive than small animals, have even longer gestation 

times, and are subject to considerably stricter ethical regulations. Hence, mouse 

models of congenital infection are still used to study immune responses and behavioral 

changes in the neonates. 

At birth, mice display similarities to the neurological developmental stage of the human 

fetus in the second trimester of gestation107. Accordingly, mice infected within the first 

two days of life with MCMV develop neurological and behavioral changes108. Moreover, 

the immune system of neonatal mice significantly differs from that of adults, resulting 

in weaker responses against pathogens in early life. Consequently, modelling immune 

responses in congenital CMV disease in mice is well established and can be achieved 

by infecting them within the first hours of life88. 

3.2.5 T cell immunity to CMV 

Infections with CMV are notable for inducing robust T cell-mediated immunity, resulting 

in profound changes in the general T cell phenotypes109-111. Human CMV can elicit 



Introduction 

26 
 

strong responses from both CD4 and CD8 T cells against a broad range of viral 

antigens112,113. In chronically infected individuals, the proportion of HCMV-specific T 

cells can make up to 15% of total T cell populations114. These responses are 

characterized by the generation of polyfunctional T cells capable of simultaneously 

producing cytokines such as IL-2, TNF, and IFN-, crucial for controlling viral 

infection115-118. However, as HCMV generally causes only mild symptoms in 

immunocompetent adults, investigating the determinants of T cell control in HCMV 

infection is challenging since the infection is usually not identified. Therefore, several 

studies focus on immunosuppression settings, where acute infection or latent HCMV 

reactivation are likely to occur. CD4 T cells have been found to be crucial in containing 

symptomatic HCMV reactivation in allogeneic stem cell transplantations119. 

Additionally, HCMV appears to induce the generation of cytotoxic CD4 T cells, which 

produce high levels of cytotoxic molecules118,120 and are capable of lysing HCMV-

peptide-loaded cells in an MHC-II dependent manner 121. Similarly, CD4 T cells have 

been shown to play an important role in control of MCMV infection. Antibody-mediated 

depletion of CD4 T cells during MCMV infection leads to a general increase in the viral 

loads of most organs after systemic infection122 CD4 T cells are particularly important 

in the control of MCMV infection in salivary glands, where a lack of cross-presenting 

dendritic cells hampers CD8 T cell responses and likely results in compensatory 

mechanisms by CD4 T cells123. Salivary-gland CD4 T cells are characterized by a high 

expression of IFN- and can exert cytotoxic functions, indicating that generation of CD4 

T cells is not specific to HCMV infection and can also be observed in mouse models. 

Besides CD4 T cells, CMV induces robust CD8 T cell responses in infected individuals. 

HCMV-specific CD8 T cells are polyfunctional and express high levels of cytotoxic 

molecules116,124. However, CD8 T cell responses in CMV infection deviate from the 

classical pattern described for other pathogens since, although CD8 T cells proliferate 

robustly during acute infection, clearance of HCMV is not followed by a general 

contraction of HCMV-specific CD8 T cells. Instead, HCMV leads to chronic expansion 

of CD8 T cells specific against viral peptides, e.g., pp65 (UL83), in a process called 

memory T cell inflation125. Consequently, in elderly individuals infected with HCMV, 

pp65-specific CD8 T cells can account for 20% of the total CD8 T cell pool. Similarly, 

mice infected with MCMV show memory inflation of CD8 T cells specific against viral 

antigens including M38 and m139126,127. In mice, depletion of CD8 T cells leads to the 
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most significant increase in viral loads128, and reconstitution of these cells in stem cell 

transplantation models temporally coincide with the decrease of viral loads128-130.  

Knowledge about the T cell responses in congenital CMV infection settings is limited. 

Pregnant mothers can produce antiviral T cells which express high levels of cytotoxic 

molecules131,132. However, the production of these cells does not rule out transmission 

from the mother to the fetus. A comparison of blood from mothers and cord blood from 

their respective babies revealed a stronger CD8 response in the mothers, and the 

limited response in neonates could possibly account for the increased susceptibility to 

severe disease133. Moreover, the presence of high levels of CD4 TEMRA and CD8 

TEMRA in pregnant women seems to correlate with protection against mother-to-fetus 

transmission134. Marchant and colleagues could show that HCMV can induce 

generation of specific CD8 T cells in the fetus, and these cells can produce cytotoxic 

molecules135. The extent to which these cells are able to exert control over HCMV 

infection is unknown. However, lack of ex vivo production of IFN- by T cells seems to 

predict the presence of long-lasting symptoms in congenitally infected newborns, 

indicating that T cell control is determinant in the pathogenesis of congenital HCMV 

infection136.  

Mouse models of congenital infection have shown that CD8 T cells play a crucial role 

in viral control in the brain of newborns129, though neonatal T cells respond slower to 

MCMV than their adult counterparts95,137. Lung infection of newborn mice leads to the 

formation of granuloma-like structures called nodular inflammatory foci (NIFs)95, where 

most of the virus-infected cells can be found. Infected epithelial cells and alveolar 

macrophages provide danger signals leading to substantial infiltration of immune cells, 

and T cells are arguably the most important cells in clearance of infected cells138. 

Additionally, IFN- secretion seems to play a determining role, as adoptive transfer of 

Ifng-/- T cells into Rag2-/- mice, lacking B and T cells, seems to lead to an impaired 

control of MCMV infection in comparison to treatment with wildtype T cells138. However, 

CD4 and CD8 T cells cooperate in the control of CMV infection, and presence of both 

types of cells significantly improves the reduction of viral loads. Importantly, adoptive 

transfer of antigen-specific CD8 T cells into neonates did not reduce lung viral loads, 

contrary to what has been extensively observed in adult models95. The reasons for this 

discrepancy in early-life T cell responses are not well understood and are addressed 

in this dissertation. 
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3.3 Immunological diagnostic tests 

In the last century, several methods have been developed to detect immunological 

responses to antigens. These responses have been leveraged to create new 

diagnostic tools capable of detecting the presence of various acute and chronic 

infections or autoimmune diseases. The emergence of the Coronavirus disease 2019 

(COVID-19) pandemic underscored the critical need for diagnostic tools to identify 

current or past infections which help control communal spread of the virus and identify 

correlates of protection139-141. Consequently, a method to detect T cell responses upon 

severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) infection was 

evaluated in this dissertation.  

3.3.1 SARS-CoV-2: structure, genome, and COVID-19 pandemic 

SARS-CoV-2 is a member of the Coronaviridae family and was first identified in 2019, 

subsequently causing widespread morbidity and mortality worldwide, with over 770 

million infections and over 6 million deaths 142 in the past four years. Infections with 

SARS-CoV-2 can lead to the Coronavirus disease 2019 (COVID-19), characterized by 

symptoms such as fever, cough, loss of smell and taste, and mild pneumonia143. 

Severe symptoms include hypoxia and dyspnea, while fatal cases often involve 

respiratory failure and septic shock144,145. Notably, the prevalence of severe symptoms 

is higher in older individuals, immunocompromised patients and pregnant women, 

while immunocompetent young individuals rarely suffer from severe COVID-19 146. 

Further long-lasting symptoms can develop several weeks after initial infection, leading 

to conditions encompassed in the umbrella term “long COVID-19”147. 

The genome of SARS-CoV-2 comprises 30 kbp of non-segmented, positive-sense 

single stranded RNA, and the virion is made up of four structural proteins: nucleocapsid 

(NC), membrane, envelope and spike (S) (Figure 4). SARS-CoV-2 enters host cells by 

binding of the S protein to host cell receptors. Although multiple receptors interact with 

S, the primary port of entry is the host angiotensin-converting enzyme 2 (ACE2)148,149 

The S protein binds to ACE2 via its receptor binding domain (RBD), initiating cleavage 

of S into two subunits by the host transmembrane protease, serine 2 (TMPRSS2). This 

cleavage exposes a fusion peptide, ultimately facilitating the fusion of the virus particle 

with the host cell membrane148. Subsequent release and uncoating of the viral RNA 

result in translation of two large ORFs, ORF1a and ORF1b. Proteins from these ORFs 
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form the non-structural proteins, responsible for the transcription of structural viral 

genes and new virus particles150. 

 

Figure 4. Structure of SARS-CoV-2. Adapted from Jamison et al.151 

3.3.2 Diagnostic testing for SARS-CoV-2 

Rapidly diagnosing acute SARS-CoV-2 infections was crucial to contain viral 

transmission. The gold standard for detection of acute SARS-CoV-2 infections is real-

time polymerase chain reaction (RT-PCR) from upper respiratory tract samples due to 

its high sensitivity and specificity. This technique can detect acute infections up to two 

days before symptom onset152,153. However, limitations due to infrastructure 

requirements and need for expertise led to the development of other methods for direct 

viral detection, such as rapid antigen tests. These lateral flow tests, while exhibiting 

lower sensitivity and specificity, allow for quick detection by anyone, aiding in the 

prompt identification of infected individuals and breaking of transmission chains. 

SARS-CoV-2 elicits a strong immune response which are necessary for viral 

clearance154. Accordingly, serologic tests were soon established in routine diagnostics 

to assess the presence of (previous) SARS-CoV-2 infections. SARS-CoV-2-specific 

antibodies are commonly measured with enzyme-linked immunosorbent assays 

(ELISA), where positive signals can be detected within two weeks of primary 

infection155-157. These tests exhibit high specificity and sensitivity and quantitative data 

(i.e. antibody titers) informs protection against severe disease and, to some extent, 

reinfection158. Vaccines against SARS-CoV-2 were developed in record times and 

contributed highly to the containment of COVID-19. The first widely distributed 

vaccines targeted the S protein, resulting in strong antibody responses and protection 

against severe COVID-19159-161. However, individuals with B cell deficiencies or treated 
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for autoimmune disorders may fail to mount robust antibody responses162-164. 

Additionally, declining antibody titers over time and genetic mutations leading to new 

SARS-CoV-2 variants can render the initially robust antibody responses ineffective, 

emphasizing the need for other immune correlates of protection. 

Apart from antibody responses, SARS-CoV-2 infections were early shown to elicit 

strong T cell responses165-168. CD4 T cell responses were characterized by robust IFN-

 production169, and their presence correlates stronger with protection than that of CD8 

T cells and antibody-producing B cells168. Furthermore, SARS-CoV-2 infection leads 

to an increase in the frequency of T follicular helper cells, which help initiate antiviral B 

cell responses for antibody production170. CD8 T cells, though generated at lower 

frequencies than CD4 T cells, play a crucial role in clearing SARS-CoV-2-infected 

cells166. These cells also secrete high levels of IFN- upon stimulation with SARS-CoV-

2 peptides171, and their presence strongly correlates with improved protection from 

severe disease168,172,173.  

Using T cell responses for diagnostic use has been more challenging. The majority of 

studies involving these responses rely on complex flow cytometry experiments, where 

blood collected from infected or convalescent individuals is stained with multiple 

marker-specific antibodies before or after stimulations. While providing valuable 

insights, these methods are laborious, time-consuming and require high levels of 

expertise, making routine diagnostic tests involving T cells difficult to establish and 

standardize. Exceptionally, T cell responses can be used to diagnose latent 

Mycobacterium tuberculosis (Mtb) using interferon-gamma release assays (IGRA). In 

IGRA, blood from potentially infected individuals is stimulated with Mtb-derived 

peptides. In case of infection, Mtb-specific T cells secrete high amounts of IFN-, which 

can be detected in supernatants by ELISA or enzyme-linked immunospot assay 

(ELISpot) in the blood supernatants 16-24 hours after stimulation. The high sensitivity 

and specificity of these tests 174, together with the ease of handling, place them as a 

viable candidate for assessment of cell-mediated immunity (CMI) in other types of 

infections. Indeed, CMI tests have shown potential in the context of HCMV infections 

after transplantation 175-177. Thus, I hypothesized that IGRA can be used to detect past 

SARS-CoV-2 infections and secreted IFN- values can be used as correlates of 

protection. 
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3.4 Aims of the study 

This thesis is made of three sections: 

Section 1: Identification of factors determining vertical transmission in mice 

Contrary to HCMV, MCMV cannot cross the host placenta. The current hypotheses for 

this discrepancy include shorter gestational times and a different anatomy of the 

materno-fetal barrier between humans and rodents, but cellular mechanisms at the 

materno-fetal interface that modulate fetal susceptibility to MCMV are yet to 

addressed. Thus, this study aimed to identify cellular mechanisms of murine fetal 

protection against MCMV infection in utero. New findings in this regard could facilitate 

the development of tools to study MCMV-fetus interaction in vivo, which could 

additionally have a translational value. 

Section 2: T cell immunity in congenital CMV disease 

In case of congenital infection, neonates are at increased risk for long-lasting CMV 

disease. T cells are important for viral clearance in immunocompetent adults, but their 

role in congenital infection is still unclear. This study aimed to elucidate mechanisms 

that lead to a reduced immune response and protection to CMV disease in early life 

using mouse and human systems. The identification of these factors can potentially 

add to the lack of effective therapy in congenital HCMV disease. 

Section 3: Establishment of a CMI test to assess previous SARS-CoV-2 infection 

T cell responses are generated in case of SARS-CoV-2 infections but, contrary to 

antibodies, these adaptive responses are not currently used in routine diagnostics to 

assess previous infection. Moreover, these cells are important to control SARS-CoV-2 

infection, but correlates of protection are challenging to study due to lack of 

standardized, quantitative diagnostic testing.  Thus, this study aimed to establish a 

diagnostic test that quantifies T cell responses to SARS-CoV-2 antigens long after 

resolution of the infection and can be used to correlate to clinical features. This kind of 

diagnostic test can help in standardizing cell-mediated immunity testing against 

emerging respiratory viral infections, be used in case of known incapacity of antibody 

response, and be correlated to protection against disease.  
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4 Results 

4.1 Section 1: Identification of factors determining vertical transmission in 

mice 

4.1.1 Neuropilin-1 modulates MCMV infection susceptibility at the  

materno-fetal interface 

Congenital infection with HCMV poses significant health problems, yet investigating 

the determinants of vertical transmission in utero remains highly challenging. Unlike 

HCMV, MCMV is not vertically transmitted to the offspring in utero, and the 

mechanisms of fetal protection in mice are not completely understood. Thus, the 

influence of cells at the materno-fetal barrier was investigated. 

Previous findings in our lab and others100 have revealed a role of maternal immunity in 

protecting against congenital MCMV infection. Systemic infection of immunocompetent 

(wildtype) mice and mice deficient in interferon- (IFN-) signaling (Ifnar1-/-) with high 

viral loads resulted in no infected cells at the materno-fetal barrier, whereas sporadic 

infection of the visceral yolk sac and placenta cells was observed in mice lacking T-, 

B-, and NK cells (Rag2-/-Il2rg-/-), with no infection occurring within the fetal parenchymal 

tissue. These results indicated that immunodeficiency can predispose to congenital 

infection, while also highlighting the involvement of other tissue-specific factors that 

contribute to a protective effect. 

The placenta is primarily composed of fetal cells derived from trophoblasts and acts as 

a materno-fetal barrier, separating the blood circulation of the mother from that of the 

fetus. Therefore, an absence of infection from cells at the materno-fetal barrier may 

contribute to fetal protection against in utero MCMV infection by reducing cell-to-cell 

spread in this tissue. To test this hypothesis, wildtype dams were mated with males 

expressing the enhanced green fluorescent protein (eGFP) under the -actin promoter 

(GFP mice), and placentas were isolated at gestational day (gd) 12.5. This breeding 

strategy resulted in placenta preparations where eGFP+ cells originated from the fetus 

and eGFP- cells were of maternal origin. Additional staining for the CD45 surface 

protein enabled the differentiation between hematopoietic cells (CD45+) and non-

hematopoietic cells (CD45-). Most of the isolated cells exhibited a CD45-eGFP- 

phenotype, i.e., non-hematopoietic and of maternal origin (Fig. 5A and B). However, 
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approximately 17% of cells were eGFP+(Fig. 15B). These freshly isolated primary cells 

were infected with an mCherry-expressing MCMV recombinant (MCMV-3DR, see 

materials and methods) and analyzed 24h post-infection (Fig. 5C-F). Interestingly, cells 

from the materno-fetal barrier showed low susceptibility to MCMV infection, with only 

1.5% of cells expressing the mCherry reporter (Fig. 5C and D). Furthermore, the 

majority of MCMV-infected cells displayed an eGFP+CD45- phenotype, indicating their 

fetal, non-hematopoietic origin (Fig. 5E and F). 

 

Figure 5. Primary placenta cells exhibit low susceptibility to MCMV infection. (A-G) Wildtype dams 

were mated with -act-eGFP males and cells from the placenta were isolated at gestational day 12.5. 

(A and B) (A) Representative flow cytometry plot and (B) pooled analysis of freshly isolated placenta 

cells stained for the CD45 leukocyte marker. (C-F) Primary placenta cells were infected with MCMV with 

MOI 0.5 and analyzed 24h later. (C and D) (C) Representative flow cytometry plots and (D) pooled 

analysis of infected primary placenta cells. (E and F) (E) Representative flow cytometry plot and (F) 

pooled phenotypical analysis of MCMV infected cells. Numbers above and below the gates in (A), (C), 

and (E) indicate the percentage of the population from the total viable cells. Numbers in (D) indicate the 

median value for each group. eGFP, enhanced green fluorescent protein. The statistical difference in 

(D) was calculated with a Mann-Whitney U test and the p-value is provided above the graph. The gating 

strategy for (A) is provided in section 7.18.1. 

Recently, neuropilin-1 (NRP1) has been described as a receptor for MCMV entry into 

endothelial cells86. Given the unknown expression of this molecule in cells at the 

materno-fetal barrier, a published single-nuclei RNA-sequencing experiment178 was 
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reanalyzed for NRP1 expression. This approach allows for a high-throughput analysis 

of the transcriptomes within individual nuclei of an isolated tissue or organ. Using the 

Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction 

method179, thousands to millions of cells can be clustered based on the similarity of 

their transcriptomes, providing comprehensive insights into cellular phenotypes. In the 

study by Marsh and Blelloch178, nuclei from primary placenta cells were annotated as 

fetal mesenchyme, endothelial, decidual stroma, trophoblast, and blood cells (Fig. 6A). 

Analysis of NRP1 expression of placentas isolated at gd12.5 revealed that NRP1 

mRNA is only expressed in endothelial cells and fetal mesenchymal cells (i.e., fetal, 

non-hematopoietic cells) (Fig. 6B), suggesting that lack of NRP1 at the materno-fetal 

barrier might contribute to the protection against MCMV infection. 

 

Figure 6. Low expression of neuropilin-1 at the materno-fetal barrier. (A and B) Neuropilin-1 (Nrp1) 

expression at the materno-fetal barrier was analyzed using a published single-nuclei RNA-sequencing 

dataset (GSE152248)178. (A) Transcriptomic phenotype and (B) relative expression levels of Nrp1 

transcripts in nuclei isolated from mouse placentas at gestational day (gd) 12.5. 

To assess the impact of NRP1 expression on the susceptibility of the SM9-1 mouse 

placental trophoblast cell line to MCMV infection, cells were lentivirally transduced with 

either Gfp or Nrp1-Gfp constructs and subsequently infected with MCMV. Importantly, 

NRP1 protein expression was absent in SM9-1 and transduction with Nrp1-Gfp 

successfully increased the surface expression of this protein (Fig. 7A and B). SM9-1 

trophoblasts are resistant to MCMV infection and, after 24h, only 1-2% of cells express 

mCherry as compared to 50% of 10.1 fibroblasts (Fig. 7C and D). The frequency of 

infected cells remained by 1-2% Gfp-transduced cells, while approximately 10-fold 

higher levels of MCMV-infected cells were present after transduction with Nrp1-Gfp-

expressing lentiviral constructs (Fig. 7C and D). In summary, these findings indicate 
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that the lack of expression of NRP1 on SM9-1 placental cells contributes to their 

resistance to MCMV infection, and overexpression of NRP1 enhances susceptibility. 

Consistently, primary placenta cells are resistant to MCMV infection, while the effect 

of the expression of NRP1 in these cells remains to be addressed. 

 

Figure 7. NRP1 expression increases susceptibility of the SM9-1 placenta trophoblast cell line to 

infection. (A and B) (A) Representative histograms and (B) pooled analysis of surface NRP1 expression 

of wildtype SM9-1 trophoblasts (control) and SM9-1 cells transduced with Gfp- or Nrp1-Gfp-encoding 

lentivirus. Counts in the Y-axes in (A) are normalized to the mode. (C and D) (C) Representative flow 

cytometry and (D) pooled analysis of MCMV infection of 10.1 fibroblasts and SM9-1 trophoblasts with 

and without transduction with Gfp- or Nrp1-Gfp-encoding lentiviruses (MOI 0.5). Data were acquired 

from at least three independent experiments (A and B, n=9; C and D, n=6). Statistical differences in (B) 

and (D) were calculated with Wilcoxon tests and the p-value are provided for the comparisons. 
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4.2 Section 2: T cell immunity in congenital CMV disease 

4.2.1 Delayed expansion of MCMV-specific CD8 T cells in early life 

Mouse fetuses are protected from in utero MCMV infection, and well-established 

mouse models of congenital HCMV disease employ neonatal infection within the first 

hours of life. To investigate the factors contributing to the higher risk of CMV disease 

in early life, a previously established lung infection model was used95. 

Neonatal and adult (6-12 weeks) mice were infected with MCMV and the frequencies 

of MCMV-specific T cells in the blood were tracked over time using either (i) peptide-

MHC (pMHC) class I tetramer complexes targeting CD8 T cells specific to 

immunodominant MCMV peptides M38, M45 and m139180 or (ii) pMHC class II 

tetramer complexes targeting CD4 T cells specific to the immunodominant M25 MCMV 

peptide181. MCMV-specific CD4 T cells could only be detected at low frequencies in 

blood, and the frequencies of these cells were similar across all time points in neonates 

and adults (Fig. 8A and B). 

 

Figure 8. Expansion of MCMV-specific CD4 T cells in blood of neonates and adults. (A and B) 

Neonates (post-natal day 0) and adult mice (6-12 weeks) were infected through the respiratory tract with 

MCMV and blood and lungs were isolated at the indicated days post-infection (dpi). (A) Representative 

flow cytometry and (B) pooled analysis of MCMV-specific CD4 T cells in blood of MCMV-infected (M25, 

upper panels) and mock-infected (control, lower panels) animals. Numbers in (A) represent the 
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percentage of M25-specific cells of the total CD4 T cells. Data were acquired from two independent 

experiments. Statistical differences in (B) were calculated with 2-way ANOVAs and the p-values 

between adults and neonates are provided above each graph. The gating strategy for (A) is provided in 

section 7.18.2. Adapted from Fonseca Brito et al.182. 

In contrast, MCMV-specific CD8 T cells strongly expanded and were detected in adults 

as soon as seven days post-infection (dpi), whereas in neonates these tetramer+ cells 

only appeared after 10 days and at significantly lower frequencies (Fig. 9A and B). 

Accordingly, control of viral loads was delayed in neonates compared to adults (Fig. 

9C).  

 

Figure 9. Expansion of MCMV-specific CD8 T cells. (A and B) (A) Representative flow cytometry 

plots and (B) pooled analysis of the frequencies of MCMV-specific CD8 T cells in the blood of mice after 

MCMV infection and staining with pMHC-I tetramers targeting the M38, M45 and m139 MCMV 

immunodominant peptides. Numbers above the gates represent the percentage of total CD8 T cells. (C) 

Lungs were isolated at the indicated time points and analyzed for viral load through luciferase activity. 

Data were acquired from three independent experiments (n=3). Lines in B and C connect the median 

values of each time point. Statistical differences were calculated with 2-way ANOVAs and the p-values 
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are provided above each graph. The gating strategy for (A) is provided in section 7.18.2. Adapted from 

Fonseca Brito et al.182. 

The composition of immune cells dynamically changes throughout life and might 

impact the expansion of MCMV-specific T cells. To describe the differences in the 

lymphocyte compartment in early life, spleens were collected within the first four weeks 

of life and analyzed for the presence of B cells (expressing the surface marker B220), 

NK cells (NK1.1+) and T cells (CD3+) (Fig. 10). The architecture of the spleen changed 

substantially within the first week of life. At post-natal day (PND) 0, very few T and B 

cells were present and the spleen was majorly comprised of red pulp (Fig. 10A). 

Quantification of spleen cells indicated an approximately 10,000-fold increase of (CD4 

and CD8) T cells in the first seven days and a 10-fold increase in the number of B cells 

normalized to body weight (Fig. 10B and C), resulting in a larger proportion of white 

pulp in the spleen at PND 8 (Fig. 10A). In contrast, the number of NK cells remained 

fairly stable within the first 28 days of life. Taken together, T cells are present at low 

levels in the early-life immune system, resulting in a low number of naïve MCMV-

specific T cells. Consequently, infection with MCMV in this vulnerable stage leads to a 

delayed expansion of these virus-specific T cells, leading to an impaired anti-viral 

control. 
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Figure 10. Early-life development of major lymphocyte populations. (A) Immunohistology of 

uninfected mouse spleens at the indicated post-natal days (PND). (B) Representative flow cytometry 

plots of major lymphocyte populations in the spleen. (C) Frequency (left panel) and number of cells 

normalized to body weight (right panel) of major lymphocyte populations in the spleen. Data were 

acquired from two or more independent experiments (n=3-7 per time point). Lines in C connect the 

median values in each time point. These experiments were performed by Silvia Tödter. Adapted from 

Fonseca Brito et al.182. 

4.2.2 Adoptive transfer of polyclonal antigen-inexperienced T cells does 

not protect against early-life MCMV infection 

As low numbers of T cells impacted anti-MCMV control in early life, I hypothesized that 

compensating for this low number could improve anti-viral control. To test this, T cells 

were isolated from the spleen and lymph nodes of adult -actin-eGFP (eGFP) mice 

and transferred into neonatal wildtype mice. This approach allowed to i) discriminate 

between adoptively transferred (eGFP+) cells and neonatal endogenous cells (eGFP-) 

and ii) exclude potential intrinsic differences in antiviral control between neonatal and 

adult T cells in the response against MCMV. To verify that adoptive T cell transfer 
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increased the total number of T cells in the neonatal system, 2x107 eGFP+ T cells were 

transferred into PND 0 mice and their spleens were collected and analyzed after 2 days 

(Fig. 11A-C). Notably, 2x107 is an approximation to the total number of T cells in an 

adult mouse(Fig. 10C)183 and was the highest number of T cells transferred into a 

neonate. Adoptive transfer of T cells led to an approximately 60-fold increase in the 

number of T cells in the spleen after two days (Fig. 11B), reaching numbers closer to 

those of a 28-day old mouse (Fig. 11B).  

To assess whether higher T cells numbers at the time of early-life infection could be 

protective, up to 2x107 eGFP+ T cells were adoptively transferred into PND 0 mice 

infected with MCMV (Fig. 11D-G and Fig. 12). Transferred T cells were additionally 

labeled with a proliferation dye (eFluor 450), which enables the quantification of cell 

proliferation. At 7 dpi, eGFP+ T cells adoptively transferred into mock-infected 

neonates showed little proliferation in the lungs (Fig. 11D and E), and levels of M38-, 

M45- and m139-specific CD8 T cells remained low (Fig. 11F and G). Conversely, in 

MCMV-infected animals, eGFP+ T cells showed a higher expression of the CD44 

surface marker, indicating acquisition of an effector phenotype, along with high 

proliferation levels (Fig. 11D and E), and significantly increased frequencies of MCMV-

specific CD8 T cells (Fig. 11F and G). 

 

Figure 11. Adoptively transferred adult T cells can be activated and proliferate in neonates after 

MCMV infection. (A) Experimental setup for (B and C): 2x107 adult polyclonal T cells from eGFP+ mice 

were adoptively transferred (Tx) into neonatal mice and spleens were analyzed after 2 days; (D-G): 

Neonatal mice were infected with MCMV and, in parallel, adoptively transferred with 107 eGFP+ adult T 
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cells previously stained with cell proliferation dye eFluor450. Control mice received cells but remained 

uninfected. Samples were analyzed 7 days post infection; (Fig. 12): Different numbers of adult eGFP+ 

T cells were adoptively transferred into simultaneously MCMV-infected neonatal mice and animals were 

analyzed after 8 days. (B and C) (B) Representative flow cytometry plots and (C) pooled analysis of 

spleen T cells 2 days after adoptive transfer. Cell numbers of post-natal day (PND) 28 animals from Fig. 

10C are depicted for comparison. (D and E) (D) Representative flow cytometry and (E) pooled analysis 

of proliferation of adoptively transferred eGFP+ T cells. (F and G) (F) Representative flow cytometry and 

(G) pooled analysis of MCMV-specific eGFP+ T cells isolated from neonatal lungs. (B and C, n=5-6, D-

G, n=5). Numbers within representative flow cytometry plots indicate the frequency of the gated 

populations. Statistical differences between groups were calculated with Mann-Whitney U (C, E and G) 

and the respective p-values are provided above each graph. Gating strategies for D and F are provided 

in section 7.18.3. Adapted from Fonseca Brito et al.182. 

Histological analysis of lungs from MCMV-infected neonates treated with 2x107 eGFP+ 

T cells indicated the preferential localization of transferred cells in nodular inflammatory 

foci (NIFs), sites of infection (Fig. 12A). However, the number of NIFs, NIF area or 

number of infected cells per NIF remained constant between T-cell- and buffer-treated 

animals (Fig. 12B). In line with this observation, lung viral loads remained similar at 8 

dpi regardless of the number of adoptively transferred T cells (Fig. 12C). In summary, 

increasing the number of polyclonal, antigen-inexperienced T cells did not confer 

protection against early-life MCMV infection. 

 

Figure 12. Adoptive transfer of adult naïve, polyclonal T cells into neonates is not protective 

against MCMV infection. (A and B) (A) Representative immunohistology of lung nodular inflammatory 

foci (NIFs) and (B) pooled quantitative analysis of lungs isolated from animals treated with buffer control 

or 2x107 eGFP+ polyclonal naïve T cells. (C) Quantification of lung viral loads after adoptive transfer (Tx) 

of different numbers of T cells. RLU, relative light units. Data were acquired from two or more 

experiments (n=5-13). Scale bars, 100 µm. Statistical differences were calculated with Mann-Whitney 

U tests (B) or a Kruskal-Wallis test (C) and the according p-values are provided above each graph. 

Adapted from Fonseca Brito et al.182. 
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4.2.3 Adoptive transfer of antigen-specific T cells confers little protection 

in early-life MCMV infection 

A polyclonal naïve T cell pool is comprised of cells specific to several pathogens 

beyond MCMV, and adoptive transfer of these cells might not sufficiently increase the 

frequency of MCMV-specific precursors. Therefore, the potential of naïve, antigen-

specific T cells to protect against early-life MCMV infection was tested. For this, T cells 

from transgenic mice expressing only ovalbumin-specific CD4 T cells (OT-II mice) or 

ovalbumin-specific CD8 T cells (OT-I mice) were isolated. These mice were previously 

mated with eGFP and eCFP mice, respectively, to generate CD4+ OT-IIeGFP and CD8+ 

OT-IeCFP T cells. This system allowed to track antigen-specific T cells in  

MCMV-infected neonates. For this, two MCMV-recombinants were used: (i) MCMV-

4DR, which encodes the two ovalbumin peptides recognized by OT-I and OT-II T cells, 

and (ii) MCMV-2DR, which lacks these ovalbumin sequences (Fig. 13A). At PND 0, 

5x106 CD4+ OT-IIeGFP and 5x106 CD8+ OT-IeCFP T cells labeled with a proliferation dye 

were adoptively transferred into animals infected with either MCMV-2DR or MCMV-

4DR (Fig. 13B). After eight days of infection, OT-I and OT-II T cells robustly proliferated 

in neonates infected with MCMV-4DR, but not MCMV-2DR (Fig. 13C and D). 
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Figure 13. Adoptively transferred OT-I and OT-II cells are activated and proliferate in an antigen-

specific manner. (A) MCMV-2DR expresses the Gaussia luciferase and mCherry reporters, whereas 

MCMV-4DR additionally encodes for sequences of the chicken ovalbumin that can be recognized by 

OT-I CD8 T cells (peptide residues OVA257-264) and OT-II CD4 T cells (OVA 323-339). (B) 

Experimental setup for (C-D): neonatal wildtype or adult Rag2-/-Il2rg-/- mice were infected with weight-

adjusted doses of MCMV-2DR or MCMV-4DR and received adoptive transfers of 5x106 OT-IeCFP and 

5x106 OT-IIeGFP cells previously labeled with the proliferation dye eFluor670. Control animals did not 

receive any T cells. The mice were analyzed at 8 dpi. (C and D) (C) Representative flow cytometry plots 

and (D) pooled analysis of OT-I and OT-II T cell proliferation within neonatal lung-draining lymph nodes. 

Data were acquired from 5 independent experiments (n=7-11). Scale bars, 100 µm. Statistical 

differences between groups were calculated with Mann-Whitney U tests and the p-values are provided 

for the respective comparisons. The gating strategies for (C) are provided in section 7.18.4. Adapted 

from Fonseca Brito et al.182. 

Histological analyses revealed a substantial increase of OT-I, but not OT-II cells, in 

NIFs of animals infected with MCMV-4DR (Fig. 14A and B). Numbers of MCMV-

infected cells per NIF in MCMV-4DR were slightly lower after adoptive transfer of OT-
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I and OT-II cells, but NIFs still harbored a significant number of infected cells (Fig. 14A 

and C). NIF areas remained similar to buffer control-treated animals (Fig. 14C).  

 

Figure 14. Adoptive transfer of adult, naive antigen-specific T cells does not protect neonates 

against MCMV infection. (A) Representative immunohistology of lungs from neonates infected with 

MCMV-4DR. (B) Quantitative analysis of OT-I and OT-II cells in nodular inflammatory foci (NIFs) of 

neonates infected with MCMV-2DR or MCMV-4DR. (C) Quantitative analysis of mCherry-expressing 

cells in NIFs of MCMV-4DR-infected mice. (D) Correlation of MCMV-infected cells and numbers of OT-

I cells within a NIF. (E) Lung viral loads after infection with MCMV-2DR and MCMV-4DR with and without 

adoptive T cell transfers. Data were acquired from 5 independent experiments (n=7-11). Scale bars, 

100 µm. Statistical differences between groups were calculated with Mann-Whitney U tests (B and C) 

and 2-way ANOVAs (E) and the p-values are indicated above the respective comparisons. Spearman 

correlation results in (D) are provided above the graphs. Adapted from Fonseca Brito et al.182. 

Moreover, the number of OT-I cells per NIF did not correlate with an improved control 

of MCMV infection within NIFs (Fig. 14D). 

In parallel to the neonatal infections, adult Rag2-/-Il2rg-/- were treated with the same 

number of cells and infected with weight-adjusted viral loads. These transgenic mice 

lack T, B and NK cells and were used as age controls of lymphopenia. Notably, 
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adoptive transfer with the same number of cells results in a treatment of approximately 

20-fold fewer cells per body weight transferred into adults than neonates. When 

analyzing lung viral loads, treatment with buffer control or OT-I and OT-II cells yielded 

similar levels after infection with MCMV-2DR in both adults and neonates (Fig. 14E). 

However, after infection with MCMV-4DR, adult Rag2-/-IL2rg-/- showed significant 

reduction of viral loads upon adoptive transfer of antigen-specific T cells as compared 

to buffer-treated animals, indicating an antigen-dependent effect of OT-I and OT-II cells 

(Fig. 14E). Conversely, there was no significant protection of MCMV-4DR-infected 

neonates after treatment with antigen-specific T cells (Fig. 14E). In summary, even 

high initial numbers of antigen-specific T cells failed to robustly protect neonates 

against MCMV infection. In contrast, adults treated with 20-fold less antigen-specific T 

cells per gram of body weight displayed a significant decrease in viral loads. 

4.2.4 Effector CD8 T cells generated in early life express low levels of 

cytotoxic molecules 

As high numbers of antigen-specific cells could not protect against early-life MCMV 

infection, I hypothesized that age-related factors in T cell activation and priming 

modulated differentiation and effector function of these cells. To understand these 

differences, the phenotypes of T cells primed in neonatal or in adult systems were 

compared (Fig. 15A). Twelve-week-old mice were infected with MCMV, and their lung 

T cells were isolated at 7 dpi. In parallel, naïve (CD44-), polyclonal eGFP+ T cells from 

12-week-old mice were adoptively transferred into PND 0 mice infected with MCMV 

and these eGFP+ cells were isolated from the lungs at 7 dpi. The cells were then 

phenotyped by single-cell RNA sequencing combined with TCR sequencing. This 

system allowed to isolate the effects of the neonatal environment on the activation and 

generation of antiviral T cells, while excluding intrinsic age-related differences in T cell 

function. In total, 6,023 T cells from all samples were analyzed (Fig. 15A). Cells from 

mock- and MCMV-infected samples separated from each other in the UMAP 

dimensionality reduction, indicating overall different transcriptomes between these 

samples (Fig. 15B). This separation was associated with the general expression of the 

Ccr7 gene, indicative of a naïve phenotype in cells isolated from control uninfected 

animals (Fig. 15C). To screen general differences between the four groups, the 

pseudo-bulk transcriptomes were compared (Fig. 15D). Here, non-infected control 

neonates and adults exhibited similar phenotypes, as indicated by similar principal 
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component (PC) 2 values. In MCMV infection, adult and neonatal samples shifted 

along the PC 1 axis, indicating the acquisition of an effector phenotype (Fig. 15D). 

However, the phenotypes of MCMV-infected adults and neonates differed more than 

their control counterparts, indicating a generally different T cell response (Fig. 15D). 

Next, TCR clonotypes were defined as cells that share the same Tra and Trb genes 

and CDR3 amino acid sequences. Only up to 5% of cells from non-infected adults and 

neonates belonged to a clonotype represented by more than one cell (Fig. 15E), 

indicating a high repertoire diversity. By contrast, upon MCMV infection a high 

proportion of the cells expanded in both neonates and adults, leading to an increase 

in the proportion of clonotypes with more than one clone (Fig. 15E). 

 

Figure 15. Single-cell RNA sequence analysis of adult T cells primed in adults and neonates. (A) 

Experimental setup for Fig11-17: neonatal (n=3) and adult (n=3) mice were infected with weight-adjusted 

doses of MCMV. 107 adult eGFP+ naïve (CD44-) T cells were adoptively transferred (Tx) into neonates. 

Control animals were not infected with MCMV. After 7 days, adoptively transferred eGFP+ lung T cells 

in neonates and endogenous lung T cells in adults were isolated and pooled for single-cell transcriptome 

profiling combined with T cell receptor (TCR) sequencing. The table indicates the final number of cells 

analyzed from each group after quality control. (B) UMAP dimensionality reduction of all cells with colors 

indicating infection status of mice from which the cells derived. (C) Relative gene expression plots. (D) 

Principal component analysis for the four different groups. The percentages indicate the proportion of 

the total variance in the overall dataset explained by the according principal component. (E) Relative 

distribution of T cells with identical TCRs indicating clonal enrichment. Data processing was performed 

by Dr. Sanamjeet Virdi. Adapted from Fonseca Brito et al.182. 

Upon differentiation, CD4 and CD8 T cells exhibit different phenotypes. Thus, 

Cd4+Cd8a- (hereafter referred to as CD4) and Cd4-Cd8a+ (CD8) T cells were analyzed 

separately to increase the resolution of the datasets. CD4 cells were classified into (i) 



Results 

47 
 

naïve, based on the expression of Tcf7, Ccr7 and Sell, (ii) cycling, expressing of Mki67 

and Pclaf, (iii) Treg, expressing Foxp3 and Il2ra, and (iv) Th1, expressing Cd44, Ly6c2 

and Cxcr6184,185 (Fig. 16A and B). CD4 subsets showed similar distribution between 

adults and neonates, both in steady state and after MCMV infection (Fig. 16C). 

Likewise, the distribution of cells isolated from infected animals was similar in the 

UMAP (Fig. 16D). 

 

Figure 16. Phenotype of CD4 T cells primed in adults and neonatal lungs after MCMV infection. 

(A) UMAP dimensionality reduction and annotation of CD4 T cells. (B) Relative expression of genes 

used for classification of CD4 T cells into subpopulations. (C) Frequencies of each subpopulation within 

the four groups. (D) UMAP dimensionality reduction of CD4 T cells isolated from MCMV-infected 

animals. Data processing was performed by Dr. Sanamjeet Virdi. Adapted from Fonseca Brito et al.182. 

Surprisingly, while at steady state CD4 cells exhibited high clonotype diversity in both 

neonates and adults, T cells primed in MCMV-infected neonates expanded more 

strongly than in adults (Fig. 17A), and these expanded cells were largely of the Th1 

phenotype (Fig. 17B). Th1 cells play a crucial role in controlling viral infections186. 

Comparison of these cells after priming in neonates and adults revealed a higher 

expression of Ifng in MCMV-infected neonates, resulting in a higher cytotoxicity 

signature of these cells in early life (Fig. 17C and D). In summary, slightly stronger CD4 

T cell responses were observed in neonates upon MCMV infection. 
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Figure 17. Expansion and differential gene expression of CD4 T cells isolated from adult and 

neonatal lungs after MCMV infection. (A) Frequency of the clonal and not clonal CD4 T cells within 

the four groups. (B) Relative distribution of clonal and not clonal CD4 T cell subpopulations within the 

four groups. (C) Differential gene expression of Th1 T cells obtained from MCMV-infected animals. (D) 

Cytotoxicity module scores of Th1 cells within the four groups. Statistical difference in (C) was calculated 

with a Mann-Whitney U test with Bonferroni correction. Differences in (D) were calculated with a Mann-

Whitney U test and p-values <0.05 are given above the comparisons. Numbers within the bars in (B) 

represent cell numbers. Data processing was performed by Dr. Sanamjeet Virdi. Adapted from Fonseca 

Brito et al.182. 

Next, CD8 T cells were subject to similar analyses. Cells were classified into (i) naïve 

(Tcf7, Ccr7 and Sell), (ii) cycling (Mki67 and Pclaf), or (iii) effector (Gzmb, Cd44 and 

Ccl5)187,188 (Fig18 A and B). The proportions of these subsets were similar in adults 

and neonates (Fig. 18C). In non-infected animals, the majority of cells were naïve, 

while after infection the frequencies of these cells decreased due to differentiation into 

effector cells (Fig. 18C). However, a different distribution in the UMAP of effector cells 

was observed between infected adults and neonates, suggesting a different overall 

effector phenotype (Fig. 18D). Accordingly, analysis of differentially expressed genes 

within the effector subset indicated a higher expression of Sell in neonates, indicative 

of a less differentiated phenotype, while in adults, effector cells overexpressed several 

effector molecules such as Gzma, Gzmk and Ccl5 (Fig. 18E). Moreover, contrary to 

the CD4 T cells, CD8 T cells in infected adults showed more expansion than in 
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neonates (Fig. 18F). In particular, almost 50% of effector cells from infected adults 

belonged to an expanded clonotype, whereas in neonates this frequency remained at 

11% (Fig. 18G).  

 

Figure 18. Phenotype and expansion of CD8 T cells primed in adult and neonatal lungs after 

MCMV infection. (A) UMAP dimensionality reduction and annotation of CD8 T cell subsets. (B) Relative 

gene expression of genes used to annotate CD8 T cell subsets. (C) Frequency of CD8 T cell subsets 

within the four groups. (D) UMAP dimensionality reduction of CD8 T cells isolated from MCMV-infected 

animals. Effector cells are highlighted in red. (E) Differential gene expression of effector CD8 T cells 

isolated from MCMV-infected animals. (F) Frequency of clonal and not clonal CD8 T cells within the four 

groups. (G) Relative distribution of clonal and not clonal CD8 T cell subsets within the four groups. 

Statistical differences in (E) were calculated with Mann-Whitney U tests with Bonferroni correction. Data 

processing was performed by Dr. Sanamjeet Virdi. Adapted from Fonseca Brito et al.182. 

These results indicated a stronger effector CD8 T cell response in adults. To further 

characterize these differences, effector cells were divided into four sub-clusters 



Results 

50 
 

exhibiting high expression of (i) Gzmm, Eomes and Sell (Teff1), (ii) Ly6a, Gzmb, Ifit1 

and Ifit3 (Teff2), (iii) Gzmk, Ccl5, Cxcr3 and Cxcr6 (Teff3) or (iv) Ccl5, Gzma, Klrg1, 

Zeb2, Cx3cr1, S1pr5 and Tbx21 (Teff4) (Fig. 19A and B). All effector subsets were 

present within the four groups (Fig. 19C). However, Teff1 frequencies were generally 

higher in both control and infected neonates, whereas CD8 T cells in infected adults 

preferentially acquired Teff3 and Teff4 phenotypes (Fig. 19C). These results were 

validated by flow cytometry, where neonates showed similar frequencies of effector 

cells (Fig. 19D), but lower frequencies of CCL5- and CXCR6-expressing effector CD8 

T cells than MCMV-infected adults (Fig. 19E and F).   

 

Figure 19. Differences between effector T cells primed in adults and neonates. (A) 

Subclassification of effector CD8 T cell clusters. (B) Heatmap of the top 20 marker genes of the 

effector CD8 T cell subclusters. (C) Frequencies of effector CD8 T cell subtypes within the four groups. 

(D) Flow cytometric analysis of effector (CD44+) CD8 T cells in eGFP+ or endogenous T cells isolated 
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from neonates and adults, respectively. (E and F) (E) Representative flow cytometry and (F) pooled 

analysis of CXCR6 and CCL5 expression within CD8 T cells isolated from neonates and adults. Data in 

(D-F) display results from two independent experiments. Statistical differences in (F) were calculated 

with 2-way ANOVAs and p-values are depicted for each comparison. Data processing in (A) and (B) 

was performed by Dr. Sanamjeet Virdi. Adapted from Fonseca Brito et al.182. 

Next, cytotoxicity signatures within these sub-clusters were analyzed. Non-infected 

animals displayed low levels of cytotoxicity in Teff1-3, while Teff4 were cytotoxic (Fig. 

20A). After MCMV infection, Teff1 maintained a low cytotoxic potential, whereas Teff2-

Teff4 showed generally high cytotoxicity scores (Fig. 20A). Strikingly, in contrast to 

adults, the cytotoxicity score of Teff2 isolated from infected neonates remained low, 

pointing out to a lower potential of eliminating virus infected cells (Fig. 20A). Thus, 

effector T cells isolated from MCMV-infected neonates generally exhibited lower 

cytotoxicity scores, as most of these cells belonged to the Teff1 and Teff2 subsets. In 

contrast, most adult effector CD8 cells showed high cytotoxic potential. Taken 

together, early-life MCMV infection leads to strong CD4 T cell responses in neonates. 

However, the generation of primarily cytotoxicity-deficient effector CD8 T cells might 

impair MCMV control and increase susceptibility to disease. 

 

 

Figure 20. Lower cytotoxicity of effector T cells isolated from lungs of MCMV-infected neonates. 

(A) Cytotoxicity module scores from effector CD8 T cells isolated from control (left panel) and MCMV-

infected (right panel). Dotted lines indicate a cytotoxicity threshold of 0. Statistical differences were 

calculated with a Mann-Whitney U Test and p-values <0.05 are depicted above each comparison. Data 

processing was performed by Dr. Sanamjeet Virdi. Adapted from Fonseca Brito et al.182. 
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4.2.5 Deficient CD8 T cell priming in early life due to low levels of priming 

cytokines 

The phenotype of effector CD8 T cells is highly influenced by the combination of the 

three different signals required for priming189,190. Adoptive transfer of polyclonal or 

antigen-specific T cells after MCMV infection led to robust antigen-specific 

proliferation, indicating that antigen presentation to TCRs occurred in both contexts 

(Fig. 11 and 13). Therefore, I hypothesized that differences in co-stimulatory and/or 

cytokine signaling during T cell priming might have an effect on the low cytotoxicity of 

effector CD8 T cells generated after early-life MCMV infection. Since naïve CD8 T cells 

can be primed in lungs191 lung antigen-presenting dendritic cells (DCs) from uninfected 

5-day-old mice were analyzed for their expression of co-stimulatory molecules 

important for priming of CD8 T cells, with adult 12-week-old mice serving as age 

controls. As not enough DCs per neonate can be isolated from their lungs at this time 

point, samples of three animals were pooled in every experiment. Lung conventional 

type I dendritic cells (cDC1) are the major subpopulation responsible for cross-

presenting antigens to CD8 T cells192. These cells were characterized by their high 

expression of CD11b, MCH-II, and CD103193, and were observed at a higher frequency 

in neonates (Fig. 21A and B). However, the frequencies of cDC1 expressing CD80 or 

CD86, the main co-stimulatory molecules of CD8 T cells, were lower in neonates than 

in adults (Fig. 21C and D). Furthermore, neonatal cDC1 expressed seemingly lower 

amounts of CD86 on their surfaces (Fig. 21C and E). Thus, the lower frequencies of 

CD80- and CD86-expressing cDC1 in early life, combined with low expression of 

CD86, likely contribute to a different priming of CD8 T cells in MCMV infection. 
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Figure 21. Phenotype of antigen-presenting cells in the lungs of adults and neonates. (A) Gating 

strategy and representative flow cytometry plots of lung-resident dendritic cells from adults (12 weeks) 

and neonates (post-natal day 5). (B) Frequency of lung-resident conventional Type 1 dendritic cells. (C) 

Representative histograms of expression of CD80 and CD86 on cDC1. (D and E) (D) Frequency and 

(E) median fluorescence intensity (MdFI) of CD80 and CD86 on lung-resident cDC1 isolated from adult 

and neonatal mice. Data were acquired from three independent experiments, with three mice pooled 

per group and per experiment. Adapted from Fonseca Brito et al.182. 

Next, cytokine signaling during CD8 T cell priming was addressed during MCMV 

infection. A 14-analyte multiplex ELISA was employed to quantify the concentrations 

of IFN-α, IFN-β, IFN-γ, IL-1β, IL-2, IL-6, IL-7, IL-10, IL-12p70, IL-15, IL-18, IL-27, IL-33 

and TNF-α in lungs. After five days, non-infected adults displayed higher levels of these 

cytokines than control neonates, where several cytokines remained undetected (Fig. 

22A-J). MCMV infection induced higher expressions of IL-2, IL-7, and IL-15 in adults 

but not in neonates (Fig. 22B). Moreover, levels of IL-27, IL-33, and IFN- remained 

significantly higher in adults than neonates after MCMV infection (Fig. 22C-F). In 

contrast, levels of IL-10, IFN-, and IL-1 were similar between adults and neonates 

after MCMV infection. Surprisingly, neonates exhibited higher levels of IFN- in their 

lungs, while IL-6 levels were also higher in these animals (Fig. 22H-J). Altogether, low 

levels of IL-2, IL-7, and IL-15 combined with low levels of co-stimulatory cDC1 result 
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in priming conditions that lead to low cytotoxicity of effector CD8 T cells in early-life 

MCMV infection. 

 

Figure 22. CD8 T cell-priming cytokines in the lungs of MCMV-infected adults and neonates. (A) 

Normalized concentration of cytokines in lungs of 12-week-old adults or neonates at 5 days post-

infection. (B-J) Concentration of cytokines in lungs of steady-state or MCMV-infected neonates or adults 

at 5 dpi. Data were acquired from two independent experiments (n=6). Statistical differences were 

calculated with 2-way ANOVAs and the p-values <0.1 are provided for each comparison. Adapted from 

Fonseca Brito et al.182. 

4.2.6 T cells primed in adult systems protect neonates against MCMV 

infection 

Priming of CD8 T cells in neonatal systems led to cells expressing low mRNA levels of 

cytotoxic molecules. Thus, I hypothesized that CD8 T cells primed in adults could 

improve antiviral control in neonates, as these cells are highly cytotoxic (Fig. 20A) and 

can clear MCMV infection within a few days95,138. To test this, T cells primed in adult 

systems were adoptively transferred into MCMV-infected neonates. For this, adult 

wildtype mice were infected with MCMV, their lung CD44+ effector T cells were isolated 

at 7 dpi and adoptively transferred into neonates, who were infected in parallel with 

MCMV (Fig. 23A). After eight days, a significant increase in the frequency of T cells 

was observed in effector T cell-treated animals (Fig. 23B and C). Moreover, adoptive 
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transfer of effector T cells led to a general increase of effector T cells in the lung (Fig. 

23D and E). 

 

Figure 23. Protective characteristics of T cells primed in MCMV-infected adults. (A) Experimental 

setup for (B-J): Lung CD3+CD44+ effector T cells were isolated from adult mice at 7 dpi and 8x106 cells 

were adoptively transferred into neonates infected, in parallel, with MCMV. Control mice did not receive 

T cells. Mice were analyzed at 8 dpi. (B and C) (B) Representative flow cytometry and (C) pooled 
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analysis of T cell frequency in lungs of neonates at 8 dpi. (D and E) (D) Representative histogram and 

(E) pooled analysis of frequency of effector T cells in lungs of neonates at 8 dpi. (F) Representative 

immunohistology of whole lung slices (left panels) and nodular inflammatory foci (NIF, right panels). 

Dotted squares indicate the zoomed area in the right panels. (G-I) Quantitative analysis through 

immunohistology of (G) number of NIFs per lung slide (H) NIF area, and (I) MCMV-infected cells per 

NIF. (J) Quantification of lung viral loads. Data were acquired from four independent experiments (n=11-

14) Statistical differences were calculated with Mann-Whitney U tests and the p-values are provided 

above each comparison. Adapted from Fonseca Brito et al.182. 

Accordingly, in lung histological analyses there was a robust decrease of NIFs per lung 

slide, inflammation area and MCMV per NIF, with several NIFs of effector T cell-treated 

animals being free of infected T cells, contrary to buffer-control treated animals (Fig. 

23F-I). In line with these observations, lung viral loads were significantly lower in 

animals treated with effector T cells primed in adult systems (Fig. 23J). Taken together, 

these data suggest that with effective T cell priming, MCMV can be effectively 

controlled in early life. 

4.2.7 Low frequency of highly differentiated, highly cytotoxic CD8 T cells 

in congenital HCMV infection 

To validate the observations made in mouse models, peripheral blood from a clinical 

cohort of human congenital CMV infection was analyzed. Women with an HCMV 

infection during pregnancy were enrolled in this study. Since only 30-70% of mothers 

with a primary infection are expected to transmit HCMV to the fetus194, non-infected 

controls are intrinsically included in this cohort. A total of 23 neonates were analyzed 

in this study, of which 19 (83%) were not infected and 4 (17%) were HCMV+. Among 

them, 10 (43%) babies were of male sex and 13 of female (57%) with a median 

gestational age of 271 days (IQR 260-278 days). Blood populations of HCMV+ and 

HCMV- babies were compared using seven multiparameter flow cytometry panels 

(Table 3) spanning a total of 101 populations of i) general blood subsets, ii) effector T 

cells, iii) invariant T cells, iv) Tregs, v) B cells, vi) innate lymphoid cells (ILCs) and vii) 

NK cells. Interestingly, significant differences between HCMV+ and HCMV- babies 

were only found in  T cell subpopulations, except for the frequencies of  T cells 

and NK cells (Fig. 24A). 

 

 



Results 

57 
 

 

 

Figure 24. Immune phenotyping of peripheral blood from HCMV-exposed neonates. (A) Heatmap 

of frequencies of all peripheral blood populations (rows) measured in HCMV-exposed neonates 

(columns). Subpopulations with adjusted p-values <0.05 are depicted. Values are normalized to 

minimum and maximum values. Adjusted p-values for comparison of HCMV- and HCMV+ donors were 

calculated using a Mann-Whitney U test with false discovery rate correction. Data was acquired by Romy 

Hackbusch and all panels except NK cells (see section 7.18, Table 3) were analyzed by Prof. Eva 

Tolosa, Dr. Anna Gieras, Dr. Kati Tillack and Romy Hackbusch. Data processing was performed by 

Laura Glau. Adapted from Fonseca Brito et al.182. 

To compare these effects with adults, peripheral blood T cell subpopulations of 10 

immunocompetent HCMV+ and HCMV- adults were analyzed. Notably, the general 

phenotypes in adult and neonatal samples were substantially different, with neonatal 

T cells presenting a largely naïve phenotype (Fig. 25A and B). 
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Figure 25. Comparison of T cell subpopulation frequencies between adults and neonates. (A) 

Normalized frequencies of T cell subpopulations in adult and neonatal donors. (B) UMAP dimensionality 

reduction of adult and neonatal samples. con, conventional; TEMRA, terminally differentiated effector 

memory; MAIT, mucosal-associated invariant T; EM, effector memory; DN, double-negative; CM, central 

memory. Data was acquired by Romy Hackbusch and all panels except NK cells (see section 7.18, 

Table 3) were analyzed by Prof. Eva Tolosa, Dr. Anna Gieras, Dr. Kati Tillack and Romy Hackbusch. 

Data processing was performed by Laura Glau. Adapted from Fonseca Brito et al.182. 

Samples derived from HCMV+ and HCMV- donors segregated in principal component 

analyses of both adults and neonates (Fig. 26A and B). Moreover, in the total of 44 T 

cell subpopulations that were investigated, 7 subpopulations were significantly different 

in adults (HCMV- vs. HCMV+), while in neonates there were 15 significantly different 

subpopulations (Fig. 26C and D).  
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Figure 26. T cell phenotypes in HCMV+ and HCMV- adults and neonates. (A) UMAP dimensionality 

reduction of al adult samples stratified by HCMV serostatus. (B) UMAP dimensionality reduction of all 

neonatal samples stratified by HCMV serostatus. (C) Numbers of subpopulations significantly different 

between HCMV- and HCMV+ donors in adults and neonates. (D) Normalized frequencies of the 19 

subpopulations significantly different in either neonates or adults after HCMV infection. TEMRA, 

terminally differentiated effector memory; EM, effector memory; con, conventional; DN, double-negative. 

Data was acquired by Romy Hackbusch and all panels except NK cells (see section 7.18, Table 3) were 

analyzed by Prof. Eva Tolosa, Dr. Anna Gieras, Dr. Kati Tillack and Romy Hackbusch. Data processing 

was performed by Laura Glau. Adapted from Fonseca Brito et al.182. 

HCMV infection led to a decrease in the ratio of CD4 and CD8 T cells in adults and 

neonates (Fig27A-D). Frequencies of effector memory (EM) and terminally 

differentiated (TEMRA) CD8 cells were higher in HCMV-infected adults and neonates 

when compared to uninfected individuals (Fig27E-H). However, these frequencies 

were significantly lower in neonates than in adults. Moreover, upon HCMV infection, 

the frequency of the HCMV-induced CD57-expressing CD8 T cells109,195 significantly 

increased in adults and neonates, with neonates showing significantly lower 

frequencies of these cells than adults (Fig. 27I and J). Taken together, HCMV infection 

affects the effector T cell phenotype of adults and neonates. However, virus-induced 
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CD8 TEMRA and CD8+CD57+ T cells can be detected at lower frequencies in 

neonates, likely impacting the control of acute HCMV infection in early life. 

 

Figure 27. Proportion of effector CD8 T cells in HCMV+ and HCMV- adults and neonates. (A-D) (A) 

Representative flow cytometry plots and (B-D) pooled analysis of CD4 and CD8 T cells. (E-H) (E) 

Representative flow cytometry plots and (F-H) pooled analysis of CD8 T cell differentiation status. (I-J) 

(I) Representative flow cytometry plots and (J) pooled analysis of CD57 expression of CD8 T cells. 

Statistical differences were calculated with 2-way ANOVAs and the p-values <0.1 are provided above 

each comparison. Data was acquired by Romy Hackbusch and gatings were done by Prof. Eva Tolosa, 

Dr. Anna Gieras, Dr. Kati Tillack and Romy Hackbusch. Adapted from Fonseca Brito et al.182. 
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4.3 Section 3: Establishment of a CMI test to assess previous 

SARS-CoV-2 infection 

4.3.1 SARS-CoV-2 diagnostics: cohort characteristics 

Antibody testing emerged early during the SARS-CoV-2 pandemic and is well-

established in routine laboratory diagnostics. By contrast, tests assessing T cell 

responses are less frequent in diagnostics, even though they might inform on 

protection against severe disease196,197. Therefore, interferon- release assays (IGRA) 

were evaluated as a potential SARS-CoV-2 diagnostic tool to assess T cell-mediated 

immunity (CMI). In collaboration with the Hamburg City Health Study198,199, blood 

donors were recruited from 16th November 2020 to 28th April 2021. At the end of this 

period, Hamburg totaled 71,465 cases from a population of more than 1.8 million 

people. This low incidence enabled the recruitment of individuals without a history of 

SARS-CoV-2 infection and with a low probability of asymptomatic infection. In total, 

549 individuals participated, of which 394 had a positive PCR test for SARS-CoV-2 at 

least 2 months prior to blood collection and 155 had no positive test until blood 

collection (Fig. 28A). At the end of 2020, Germany employed a state-wide vaccination 

program against SARS-CoV-2. Nevertheless, at the time of blood collection, most 

individuals were not yet vaccinated (Fig. 28A). Twenty-five vaccinated individuals (11 

SARS-CoV-2- and 14 SARS-CoV-2+) were excluded due to the high heterogeneity of 

the group regarding the number of vaccines and time from vaccination to blood 

drawing. Moreover, two donors were excluded since no response was detected in 

positive control samples. Therefore, 144 healthy controls and 378 convalescent donors 

were included in the final analysis. Within the convalescent group, CMI was measured 

at a median of 298 days after the first PCR-positive test. The healthy control group 

comprised 38% females and 62% males with a median age of 53 (IQR 49-59), while 

in the convalescent group, 48% individuals were female with a median age of 55 (IQR 

51-60) (Fig. 28B). 
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Figure 28. Characteristics of the cohort used to establish an IFN- release assay for SARS-CoV-

2 infection. (A) 549 individuals were recruited through the Hamburg City Health Study198,199 and tested 

for cell-mediated immunity (CMI) to SARS-CoV-2. Samples were excluded due to prior vaccination 

(n=25) or negative results in positive controls (n=2). The remaining 522 samples were included and 

comprised of 144 healthy controls and 378 convalescent individuals. (B) Cohort characteristics of 

individuals included in CMI analysis. Data depict median values and interquartile ranges. Adapted from 

Fonseca Brito et al.200. 

4.3.2 Cell-mediated immunity (CMI) tests are suitable for SARS-CoV-2 

routine laboratory diagnostics 

To assess the suitability of CMI tests as a diagnostic tool for SARS-CoV-2, whole 

peripheral blood was stimulated with either i) phosphate buffer saline (negative 

control), ii) PMA and ionomycin (positive control), iii) nucleocapsid or iv) spike peptide 

sequences from the wildtype variant first detected in Wuhan, China in December 

2019201. After 24h of stimulation, supernatants were collected and IFN- concentration 

was measured. IFN- concentrations in negative controls were significantly different 

between healthy control and convalescent groups (0.0437 IU/mL and 0.0509 IU/mL, 

respectively; p < 0.0001). In positive control samples, there were no differences, with 

most values above the upper limit of detection (Fig. 29A and B). To account for the 

variation of background IFN- values, the ratio to negative control was additionally 

calculated (Fig. 29C).  

In stimulations with nucleocapsid and spike peptide pools, healthy controls showed 

lower concentrations of IFN- in comparison to convalescent donors, indicating a 

specific IFN- release in case of previous SARS-CoV-2 infection (Fig. 29D and E). 

Receiver operating characteristic (ROC) curves were applied to assess the quality of 

each test (Fig. 29D-G). Absolute values of nucleocapsid stimulations yielded an area 

under the curve (AUC) of 0.9357, whereas for spike this value was 0.8334, indicating 
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a slightly better performance of nucleocapsid. Accounting for the background values 

led to a reduction in the AUC in both nucleocapsid and spike (Fig. 29F and G). For 

comparison, a commercial antibody test used in routine laboratory diagnostics and 

targeting nucleocapsid was included. For this test, a higher AUC of 0.9616 was 

obtained (Fig. 29H). Next, cutoff values with the highest Youden indices of the different 

CMI tests were calculated. Optimal thresholds resulted in absolute values of spike 

showing a sensitivity of 89% and specificity of 69%, and nucleocapsid showing a 

sensitivity of 89% and specificity of 87% (Fig. 29I). Additionally, in the ratios to the 

negative control, the sensitivity of spike and nucleocapsid decreased to 88% in both 

tests, while the specificity of spike increased to 74% and of nucleocapsid to 91%. Cutoff 

values for the antibody test were provided by the manufacturer and led to a specificity 

of 94% and sensitivity of 94% (Fig. 29I). Taken together, CMI tests showed good 

performance and are suitable for diagnostics of SARS-CoV-2. 

 

Figure 29. Cell-mediated immunity (CMI) tests detect past SARS-CoV-2 infections.  (A and B) 

Interferon (IFN)- supernatant concentration in response to (A) buffer control and (B) PMA/ionomycin 

(positive control). (C) Ratio of positive control samples to the respective negative controls. Dotted lines 

indicate ratio of 1. (D and E) IFN- concentration in supernatants in response to stimulation with peptide 

pools spanning sequences of the SARS-CoV-2 (D) nucleocapsid (NC) and (E) spike (S) (left panels) 

and respective receiver operating characteristic curves (right panels). (F and G) Ratios of IFN- 
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concentrations to the according negative controls after stimulation with (F) NC and (G) S. (H) Anti-NC 

antibody titers provided as cutoff indices (COI). (I) Test performance characteristics for all CMI and 

antibody tests. Cutoffs were determined as the highest Youden indices or provided by the commercial 

manufacturer (anti-NC). Sensitivities (sens.) and specificities (spec.) are provided as median and 

interquartile ranges. Differences between healthy control (hc) and convalescent (conv) groups were 

determined by Mann-Whitney U tests and the p-values are provided above each graph. Adapted from 

Fonseca Brito et al.200. 

4.3.3 Comparisons between CMI and antibody tests 

Next, the different tests were compared with each other. Applying the cutoff values 

calculated in Fig. 29I, the majority (>84%) of healthy control and convalescent samples 

were either true negatives or true positives (Fig. 30A), respectively. To allow for the 

combined comparison between all CMI tests and anti-nucleocapsid test, a t-SNE (t-

distributed stochastic neighbor embedding) dimensionality reduction approach 

including the results of the ratios to negative control of spike and nucleocapsid and 

anti-nucleocapsid results was employed (Fig. 30B). Notably, only ratios were 

considered in this analysis since they already account for the variation in baseline IFN-

 values which significantly differ between healthy controls and convalescent donors 

(Fig. 29A). With this approach, samples are positioned into two main groups that 

generally reflect the classification into healthy control (PCR-) and convalescent donor 

(PCR+) (Fig. 30C). Using this dimensionality reduction approach enabled the 

identification of a cluster of samples that was only positive for spike, possibly indicating 

cross-reactivity with other coronaviruses165,166 and accounting for the lower specificity 

of spike CMI tests (Fig. 30C).  

Next, the distribution of each sample according to the negative or positive status as 

calculated by the respective cutoff values was analyzed. Applying a scoring system 

where each positive test equals 1, 77% of samples had either a score of 0 or 6, 

indicating full concordance between all the parameters analyzed (Fig. 30D).  

To identify possible confounding effects, test results were contextualized to several 

parameters obtained from diagnostic laboratories and self-filled questionnaires (Tables 

1 and 2). Of the 12 parameters analyzed, six affected anti-nucleocapsid antibody tests 

(days from positive PCR, age, body-mass index, cystatin C levels, previous diabetes 

and dyslipidemia diagnosis). In contrast, CMI tests were only impacted by the number 

of white blood cells (Table 2, Fig. 31A and B), while spike CMI tests correlated with 
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age (Table 2). Interestingly, a cluster in the t-SNE contained samples with positive PCR 

and anti-nucleocapsid results but negative results for all CMI measures (Fig. 31C). A 

comparison of the number of white blood cells between individuals that were false 

negative for CMI and true positive revealed a significantly higher number of WBC in 

donors with false negative CMI tests (Fig. 31B). 

 

Figure 30. Comparisons of CMI and commercial antibody tests. (A) Absolute values and ratios 

measured for each CMI test and anti-NC antibody test. Dotted lines indicate cutoff values as indicated 

in Fig. 29I and numbers in each quadrant indicate percentages. (B) Dimensionality reduction of CMI and 

anti-NC results. (C) Test results as positive (pos) or negative (neg). after application of cutoff values as 
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indicated in Fig. 25I. (D) Concordance between results of all tests by summing each result (neg.=0 and 

pos.=1). Adapted from Fonseca Brito et al.200. 
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Table 1. Potential confounders for SARS-CoV-2 CMI and antibody tests. 

 

Number of samples (n) included for each analysis is provided. Statistical differences were calculated with Mann-Whitney U tests. HCMV, human cytomegalovirus; 

IQR, interquartile range. Comparisons with a p-value <0.05 are provided in bold and italic. Data was acquired by the HCHS. Adapted from Fonseca Brito et al.200. 

Table 2. Correlation of cohort characteristics with SARS-CoV-2 CMI and antibody measurements 

 

Number of samples (n) included for each analysis is provided. PCR, polymerase chain reaction; BMI, body mass index, WBC, white blood cells; Ct, cycle threshold. 

Correlations with a p-value <0.05 are provided in bold and italic. Data was acquired by the HCHS. Adapted from Fonseca Brito et al.200.  

median (IQR) p median (IQR) p median (IQR) p median (IQR) p median (IQR) p
female 183 0.6640 (0.1930, 1.500) 8.406 (2.504, 20.62) 0.2410 (0.124., 0.7870) 3.554 (1.692, 10.49) 170 30.18 (7.668, 81.619

male 195 0.6510 (0.2320, 1.700) 7.738 (3.462, 21.81) 0.2960 (0.1260, 0.7280) 3.831 (1.754, 9.554) 186 26.83 (9.295, 81.34)

yes 24 0.4555 (0.2430, 1.593) 6.419 (3.738, 17.34) 0.2590 (0.09698, 0.6925) 3.854 (1.492, 7.391) 21 50.86 (19.69, 146.8)

no 336 0.6795 (0.2083, 1.670) 8.710 (2.808, 21.52) 0.2615 (0.1250, 0.7650) 3.697 (1.742, 10.45) 322 26.55 (7.913, 80.00)

yes 77 0.5030 (0.2040, 0.2100) 7.738 (2.857, 20.81) 0.2480 (0.1245, 0.7865) 3.600 (1.777, 9.410) 73 45.12 (16.49, 99.57)

no 285 0.7030 (0.2100, 1.670) 8.631 (2.961, 21.31) 0.2620 (0.1245, 0.7480) 3.815 (1.715, 10.41) 273 24.13 (7.320, 77.55)

yes 32 0.5235 (0.2778, 1.270) 7.132 (2.950, 16.380) 0.2485 (1.563, 0.5490) 3.531 (2.359, 6.802) 31 26.98 (13.63, 69.17)

no 343 0.6810 (0.2120, 1.670) 8.843 (3.000, 21.81) 0.2610 (0.1240, 0.7730) 3.815 (1.692, 11.04) 327 28.10 (7.800, 81.89)

positive 17 0.7030 (0.2820, 2.000) 8.843 (4.100, 28.38) 0.4220 (0.1895, 0.8840) 4.015 (2.675, 13.60) 17 66.71 (26.01, 83.03)

negative 14 0.4170 (0.2278, 1.595) 6.415 (3.504, 24.54) 0.3240 (0.1748, 1.230) 4.985 (2.688, 18.92) 10 28.99 (5.998, 54.80)

0.6320 0.73260.7803 0.8857

0.6502 0.63490.6246 0.6655

0.4194

0,7756

smoker

HCMV

0.02300.92610.4917 0.6651dyslipidaemia

0.93550.9848 0.66100.6997

0.07050.7471 0.96140.4046 0.5507

sex

diabetes

0.7898

parameter n n
anti-NC COICMI S IU/ml CMI S ratioCMI NC IU/ml CMI NC ratio

0.0254

Spearman r p Spearman r p Spearman r p Spearman r p Spearman r p

days since PCR+ 365 -0,05616 0,2845 -0,0488 0,3525 -0,03444 0,5119 -0,02643 0,6147 347 -0,1987 0,0002

age (years) 378 0,06803 0,1869 0,06021 0,2429 0,1162 0,0239 0,1114 0,0303 360 0,2914 <0,0001

BMI (kg/m2) 352 0,01633 0,7601 0,02976 0,5779 0,01789 0,7381 0,02701 0,6135 336 0,2199 <0,0001

WBC (counts/µl) 370 -0,3027 <0,0001 -0,3059 <0,0001 -0,251 <0,0001 -0,2532 <0,0001 352 -0,01431 0,789

PCR Ct value 178 0,1238 0,0996 0,1044 0,1655 0,09298 0,2171 0,08094 0,2828 171 0,04558 0,5538

creatinine (mg/dl) 368 -0,01182 0,8212 -0,01016 0,8461 -0,04805 0,358 -0,05293 0,3112 351 0,04649 0,3852

cystatin C (mg/dl) 352 -0,07122 0,1825 -0,09972 0,0616 -0,0734 0,1694 -0,1075 0,0439 339 0,1236 0,0229

parameter n n =
anti-NC COICMI S IU CMI S ratioCMI NC IU CMI NC ratio
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Figure 31. Confounding effect of white blood cell counts on CMI tests. (A and B) Correlation of (A) 

anti-nucleocapsid antibody and (B) CMI tests with the numbers of white blood cells in the blood. (C) 

Absolute number of WBC at the time of blood sample collection. Individuals with a score of 6 (true 

positives, t.p.) in Fig. 30D are framed in pink, and a fraction of individuals positive for PCR and anti-

nucleocapsid, but negative for all CMI (false negatives, f.n.) are framed in green. (D) Comparison of 

WBC counts between the two groups. Spearman correlation results in A and B are provided above each 

graph. Statistical differences in (D) were calculated with Mann-Whitney U test and the p-values is 

provided. WBC counts were provided by the HCHS. Adapted from Fonseca Brito et al.200. 

The time from the first positive PCR test to blood collection was significantly correlated 

with anti-nucleocapsid tests, but not CMI tests (Table 2, Fig. 32A). However,  

IFN-concentrations were significantly higher in individuals tested less than 6 months 

from the time of positive PCR (Fig. 32B). 
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Figure 32. Impact of time on cell-mediated immunity and antibody tests for past SARS-CoV-2 

infections. (A) Correlation between days from positive PCR test (provided by the HCHS) and CMI test 

results or anti-NC antibodies. Blue lines indicate simple non-linear regressions and Spearman 

correlation results are provided for each graph. (B) Comparative analysis of immunity in individuals 

infected less or more than six months before sample acquisitions. Statistical differences were calculated 

with Mann-Whitney U tests and the corresponding p-values are provided above each graph. Adapted 

from Fonseca Brito et al.200. 

4.3.4 Correlation with clinical features 

Next, CMI test results were correlated to the self-reported clinical features of the 

donors. Interestingly, spike values were significantly higher in donors who were 

hospitalized as compared to those who only suffered from mild disease, whereas 

asymptomatic donors had significantly lower nucleocapsid CMI values than those of 

previously hospitalized donors (Fig. 33A). Similarly, donors who suffered from severe 

disease or were hospitalized showed higher anti-nucleocapsid values than those with 

mild disease (Fig. 33A). The presence of symptoms did not impact CMI test results, 

contrary to the antibody tests (Fig. 33B and C). However, hair loss was significantly 

more reported by donors who suffered from severe disease. Accordingly, anti-

nucleocapsid antibody tests were significantly higher in patients who suffered from hair 

loss compared to asymptomatic individuals, while no significant differences were found 

in the CMI tests (Fig. 33D). Together, these data indicate that more severe disease 

was associated with an elevated IFN- release, but the presence of symptoms had little 

impact on CMI tests, contrary to the commercially available serologic test. 
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Figure 33. Association of CMI and antibody tests with acute and chronical clinical course. (A) 

Clinical course during acute SARS-CoV-2 infection with the corresponding NC and S CMI tests or 

antibody titers. (B) Post-COVID-19 symptoms retrieved from the questionnaires at the time of sample 

acquisition and (C) test results according to absence (no) or presence (yes) of symptoms. (D) Anti-NC 

titers and CMI test results of asymptomatic individuals and those who developed post-COVID-19 hair 

loss. (E) Clinical course during acute SARS-CoV-2 infection of individuals with absence (no) or presence 

(yes) of hair loss. Statistical differences in (A) were calculated with Kruskal-Wallis tests with Dunn’s 

multiple comparisons and p-values >0.05 are provided for each comparison. Differences in (C-E) were 

calculated with Mann-Whitney U tests and the p-values are provided above each graph. Clinical course 

and symptom information were provided by the HCHS. Adapted from Fonseca Brito et al.200. 

4.3.5 Applications of CMI tests 

Early in the SARS-CoV-2 pandemic, the possibility of a vertical transmission of the 

virus during pregnancy was heavily discussed202-205. Importantly, as SARS-CoV-2-

specific IgG antibodies can be transmitted from mother to fetus during pregnancy206, 

and IgM tests show relatively lower sensitivity, serological tests alone are not sufficient 

to assess previous infection of the fetus. Moreover, SARS-CoV-2 does not establish 

latency and negative PCR results do not exclude the possibility of previous infection. 

As T cell responses can be generated during fetal development135, CMI tests in this 

context were a suitable candidate to assess previous infection. Thus, women with a 
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primary SARS-CoV-2 infection during pregnancy were recruited and, after birth, cord 

blood from nine newborn babies and peripheral blood from the respective mothers 

were collected and stimulated with SARS-CoV-2 nucleocapsid, spike, and membrane 

peptides. In this case, all mothers exhibited positive absolute values and ratios for at 

least one of the peptide stimulations, whereas no babies showed an increase in IFN- 

upon stimulation, indicating no infection of the fetus during pregnancy (Fig. 34A). In 

summary, CMI tests are straightforward, cost-effective tests that can be used to assess 

previous SARS-CoV-2 infection, in particular in cases where serologic testing is not 

possible. 

 

Figure 34. SARS-CoV-2 cell-mediated immunity tests to assess mother-to-fetus transmission. (A) 

Absolute measurements (negative control and upper row) and according ratios to the negative controls 

(lower row). Red dots indicate a mother-baby pair where CMI was tested two days after positive PCR 

test. Dotted lines indicate the limit of detection of the assay. Mother-baby pairs were recruited by Dr. 

Ann-Christin Tallarek. Adapted from Tallarek et al.207. 
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5 Discussion 

5.1 Low susceptibility of cells of the materno-fetal barrier to 

MCMV infection is associated with NRP1 expression 

Congenital CMV infection is the major non-genetic cause of permanent disabilities and 

children and places a great burden on public health systems39. Infection of mice with 

MCMV is the most commonly used model to study CMV infection and disease, but 

transmission to the fetus through the placenta does not occur in these animals, limiting 

the possibility to investigate interactions between the fetus and the virus. Here, I 

addressed the determinants of in utero vertical transmission to understand the 

protection of mouse fetuses to MCMV infection and identified a low susceptibility of 

SM9-1 placental trophoblasts and cells isolated from the materno-fetal barrier to 

MCMV infection, which was associated with a low expression of neuropilin-1. 

Several mechanisms have been proposed to enable congenital infection with CMVs 

and include i) infection of trophoblast cells and infection of other fetal cells via cell-to-

cell spread, ii) transcytosis, iii) leakage of cell-free virus across the materno-fetal 

barrier, and iv) virus-infected maternal cells transmigrating into the fetus208. Our results 

indicate that cells from the materno-fetal barrier exhibit low susceptibility to MCMV 

infection, and that this barrier is crucial in the characteristic protection of mouse the 

fetus against congenital infection. The different anatomy of the materno-fetal barrier 

has long been proposed to be determinant in blocking fetal infection99. 

Cytomegaloviruses can congenitally infect humans, primates and guinea pigs, while 

CMVs do not cross the placenta in mice and rats. Interestingly, humans, primates, and 

guinea pigs have hemomonochorial placentas, i.e., one layer of trophoblast cells 

separates the fetal chorion from the maternal blood. By contrast, placentas in mice and 

rats are hemotrichorial, and maternal blood is separated from the chorion by two 

additional trophoblastic layers209. Accordingly, cell-free virus particles or virus-infected 

cells would need to cross two additional layers of cells to infect the fetus. The gestation 

period might additionally influence transmission into the fetus, as gestational time in 

mice lasts for three weeks in comparison to approximately nine or 40 weeks in guinea 

pigs and humans, respectively. Collectively, a low susceptibility to MCMV infection in 

combination with anatomical differences and shorter gestational periods could explain 

the lack of congenital CMV infection in mice.  



Discussion 

73 
 

Neuropilin-1 has recently been identified as a host factor facilitating MCMV entry into 

endothelial cells, fibroblasts, and macrophages, and deletion of this gene severely 

impaired infection rates and led to slower gene expression kinetics86. In this project, 

NRP1 was shown to be expressed at low levels in the SM9-1 placental trophoblast cell 

line and primary placenta cells. Accordingly, these cells showed lower susceptibility to 

MCMV infection and overexpression of NRP1 led to an increase in the frequency of 

infected SM9-1 cells. Neuropilins (NRPs) are a widely conserved family of 

transmembrane proteins comprising NRP1 and splice variants of neuropilin-2 (NRP2). 

These molecules can interact with several ligands, e.g., vascular endothelial growth 

factor (VEGF), transforming growth factor  (TGF-), and platelet-derived growth factor 

B210, playing crucial roles in regulating cells from the nervous and vascular systems. 

Interestingly, NRPs have been reported to act as host factors for several other viruses 

such as SARS-CoV-2, Epstein-Barr virus and human T-lymphotropic virus type 1211-

214. Notably, NRP2 is a host factor for HCMV through interaction with members of the 

viral envelope glycoprotein pentameric complex81. By contrast, the MCMV-encoded 

chemokine 2 (MCK2) protein, part of the MCMV gH-gL-MCK2 glycoprotein complex 

homologous to the HCMV pentameric complex, has been reported to not interact with 

NRP185. A question that remains open is whether the expression of NRP1 in 

trophoblasts in vivo or in primary placenta cells can increase MCMV infection. Of note, 

experiments were performed to assess this question in primary placenta cells. Cells 

were transduced with NRP1-expressing lentivirus and infected 24h post transduction. 

However, after 24h in culture, a portion of non-transduced cells acquired a 

susceptibility to MCMV infection and resembled fibroblasts in culture. Alternatively, in 

cultures lacking these fibroblasts-like cells, cells were additionally resistant to lentiviral 

transduction and hindered the artificial expression of NRP1 in this setting. In 

conclusion, the results of these experiments were inconsistent and did not allow for 

interpretation (data not shown). Experiments using different vectors for expression of 

NRP1 or different cell types (e.g. trophoblasts differentiated from murine trophoblast 

stem cells) can likely be alternative strategies to address this question. Moreover, 

further studies will be needed to address how MCMV interacts with NRP1 and how this 

interaction can be modulated. The human placenta seems to be infected in vitro and 

in vivo215-217 and future studies will need to address whether NRP2 can mediate HCMV 

infection at the materno-fetal barrier, and whether blocking this interaction can protect 

against congenital infection. Additionally, whether NRP1-expressing mouse 
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trophoblasts can produce infectious MCMV particles remains to be investigated. In 

summary, a deeper understanding of CMV infection at the materno-fetal barrier can 

both help in the design of new experimental models and, in the long term, contribute 

to the development of tools for preventing congenital HCMV infections. 

5.2 Delayed MCMV-specific T cell response in early-life MCMV 

infection 

T cell responses to congenital CMV infection differ from those in immunocompetent 

adult individuals, potentially contributing to the higher susceptibility to disease in early 

life. However, the underlying mechanisms driving these mechanisms are not clear. 

Here, I confirmed a delayed MCMV-specific T cell response in early life associated with 

a low frequency of naïve MCMV-specific cells. As a result, control of viral infection was 

equally delayed, coinciding with an increase in the number of T cells. 

The functionality of the immune system against foreign agents is related to the diversity 

of the T cell receptor pool, as higher diversity results in higher chances of recognizing 

different pathogen-derived antigens218. The number of T cells in early life is significantly 

lower, resulting in low TCR diversity36. This limited T cell repertoire in neonates may 

lead to a delayed expansion of virus-specific T cells upon infection, as the chances of 

MCMV-specific T cells being present at the time of infection are extremely low. 

Accordingly, after infection with MCMV, expansion of MCMV-specific CD8 T cells was 

delayed in neonates. This translated into a delayed control of MCMV infection, as 

adults were able to decrease lung viral loads at day 7 of infection while in neonates 

this happened first at 10 dpi. Notably, this delayed reduction in viral loads happened 

only after the most robust increase in the number of T cells per gram of body weight in 

the first week of life and coincides with the first detection of MCMV-specific CD8 T cells 

in neonates, supporting the role of T cells in controlling MCMV infection (Fig. 9 and 

10). Likewise, the risk of developing long-lasting symptoms after congenital HCMV 

infection greatly decreases with the advancing gestational age219-221, whereas T cell 

numbers in the fetus steadily increase33. 

The distribution of major lymphocyte populations dynamically changes in early life, with 

T, B, and NK cells increasing in number within the first weeks in mice. T cells play a 

multitude of roles after being activated and can interact with other cells, such as B and 

NK cells222,223. While B cells are not essential in eliminating acute infection138,224, they 
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are necessary to reduce the chances of reinfection225. Activation of B cells specific to 

protein antigens requires T cell help226. Thus, delayed virus-specific B cell and T cell 

responses in this context are to be expected. Indeed, antibody responses are delayed 

in neonatal mice upon challenge with e.g. RSV227 and influenza228. The role of NK cells 

in the control of congenital CMV infection is not well understood. Even though the 

number of NK cells remained fairly stable within the first 4 weeks of life of a mouse, it 

has been reported that expression of activating NK cell receptors in early-life is 

reduced, in particular the activating Ly49H receptor which recognizes the m157 

peptide of MCMV229,230. However, though adoptive transfer of NK cells seems to 

improve control of MCMV infection in neonatal DAP12-/- mice (deficient in NK cell 

activation signaling)231, it remains unclear to what extent the differences between adult 

and neonatal NK cells contribute to an increased susceptibility to disease 

development.  

5.3 Non-protective features of T cells primed in the early life 

immune system 

T cell lymphopenia plays a significant role in the higher susceptibility to MCMV disease 

in early life. Although CMV-specific T cell responses are generated in both humans 135 

and mice95,129 during early life, they do not effectively protect against CMV disease, 

suggesting differences in the phenotype of antiviral T cells in early life. Here, I 

employed different models of adoptive T cell transfer to explore how the neonatal 

environment influences the T cell phenotype upon MCMV infection. Adult T cells 

adoptively transferred into infected neonates acquired an effector phenotype, 

proliferated robustly in an antigen-specific manner, and localized to sites of infection, 

but failed to reduce viral loads after early life MCMV infection. Importantly, these sets 

of experiments are indicative of antigen presentation in early life MCMV infection, as 

TCR signalling after antigen recognition is required to induce differentiation into 

effector cells and to induce T cell clonal proliferation232,233. Instead, the overall priming 

of T cells seems to be altered. Previously, it has been reported that 100 T cells/NIF are 

sufficient to significantly reduce MCMV infection in adult lymphopenia models138, while 

the up to 250 OT-I that were present in NIFs of neonatal mice infected with MCMV-

4DR failed to provide robust control of viral infection (Fig. 14), indicating that the 

antiviral function of these cells in the early-life environment is impaired. Notably, OT-I 

cells have been shown to protect neonates against an MCMV recombinant lacking the 
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genes encoding the viral regulators of antigen presentation (vRAP) in early life95, 

indicating that at least a fraction of T cells primed in early life can exhibit antiviral 

capabilities. 

Accordingly, phenotyping of T cells isolated from adult and neonatal lungs after MCMV 

infection enabled the detection of an excess of cytotoxicity-deficient effector CD8 T 

cells after priming in the early-life system. Indeed, at steady state effector CD8 T cells 

isolated from neonates showed a preferential differentiation into low-cytotoxicity Teff1 

cells (Fig. 19C). Cytotoxic phenotypes in effector CD8 T cells are induced through well-

coordinated sequences of signals conferred by TCR engagement, co-stimulation, and 

cytokines. After receiving these signals, transcription factors such as T-BET (encoded 

by the Tbx21 gene), BLIMP1 (Prdm1), ZEB2 (Zeb2), and ID2 (Id2) cooperate to induce 

production of cytotoxicity-related molecules such as granzyme A, granzyme B, perforin 

and, in humans, granulysin234-237. During this process, transcription factors like TCF1 

(encoded by Tcf7), LEF1 (Lef1), BACH-2 (Bach2), ZEB1 (Zeb1) and FOXO1 (Foxo1) 

must be repressed. Notably, the overall expression of Zeb2 and Id2 was significantly 

lower in effector CD8 cells isolated from infected neonates compared to adults. 

Accordingly, fewer cells in neonatal lungs differentiated into Teff3 and Teff4, while those 

who did differentiate into Teff2 expressed significantly lower levels of granzymes than 

in infected adults. Thus, priming signals provided by neonatal systems seem to be 

insufficient to drive terminal differentiation of CD8 T cells into cytotoxic phenotypes. 

Recently, CX3CR1 expression has been linked to T cell differentiation, making this a 

good marker for assessing differentiation states238. Higher expression of Cx3cr1 is 

associated with an increase in Zeb2 and, consecutively Gzma expressions in LCMV 

infection234. Thus, the low frequency of Cx3cr1-encoding Teff4 cells in infected 

neonates supports the hypothesis that a highly differentiated state was not achieved.  

Surprisingly, early-life MCMV infection elicited a stronger CD4 T cell response, with 

more adoptively transferred CD4 T cells exhibiting clonal expansion. Additionally, Th1 

cells in neonates exhibited higher expression of cytotoxic molecules. MCMV infection 

has been previously reported to lead to a cytotoxic CD4 response, which is particularly 

important in controlling MCMV infection in salivary glands123,239. Importantly, these 

cells appear to exert their effector functions through secretion of IFN-239, which is here 

shown to be expressed at higher levels in CD4 T cells isolated from infected neonates 

than adults. Salivary glands are CMV reservoirs that lack cross-presenting cells, 
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leading to weaker CD8 T cell responses123. Thus, the increased cytotoxicity of CD4 T 

cells in this organ is likely a compensatory mechanism for the reduced antiviral CD8 

response. In fact, control of salivary gland MCMV infection is dependent on CD4 T 

cells240-242. Similarly, in the absence of a weak cytotoxic CD8 response in neonates, 

lung CD4 T cells exhibited enhanced cytotoxicity after MCMV infection. However, 

these cells are insufficient in reducing lung MCMV infection in adult mice, as adoptive 

transfer of CD4 T cells in T- and B cell-deficient Rag2-/- mice after lung infection does 

not provide extra protection138. Moreover, it is not known whether the higher expression 

of cytotoxic molecules in CD4 cells enhances MCMV control or lung pathophysiology 

in this situation.  

Altogether, CD4 T cells primed in early life exhibit higher cytotoxic phenotypes, while 

CD8 T cell priming in neonatal systems seems to be incomplete and leads to less 

differentiated effector CD8 T cells. It would be of interest to investigate whether 

modulating priming signals in early life can rescue the low cytotoxicity phenotype 

observed in neonates. Moreover, whether T cells primed in neonatal systems have an 

impaired killing capability remains to be validated. 

5.4 Impaired priming of CD8 T cells in early-life MCMV infection 

Differentiation of T cells depends on the strength of each of the priming signals 

received. Thus, while the strength of the TCR signal is dependent on its affinity to the 

cognate antigen243,244, signals 2 and 3 are dependent on the expression of co-

stimulatory molecules, cytokines and their respective receptors on the T cell surfaces. 

By investigating age-related differences in lung APCs, I found that non-infected 

neonatal lungs exhibited higher frequencies of CD103-expressing, cross-presenting 

cDC1. However, these cells expressed lower levels of the co-stimulatory molecules 

CD80 and CD86. Recently, a subset of DCs expressing CD103 has been described to 

cause apoptotic waves in the early-life lung245. Accordingly, these cells can interfere 

with lung CD8 T cells and consequently lead to altered differentiation into cytotoxic T 

cells245. A limitation of this study is that activation of dendritic cells by pathogens leads 

to overexpression of co-stimulatory molecules, while expression of co-stimulatory 

molecules was only analyzed in uninfected animals. Though experiments were 

performed to compare DC subpopulations after activation in infected neonates and 

adults (not shown), the highly inflammatory conditions led to extremely different 

immune cell subpopulations present in the lungs which did not allow for a fair 
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comparison between lung DCs of different ages. However, upon RSV infection at PND 

7, lung-draining cDC1 seem to be less responsive to type I interferon signalling than 

adult mice, indicating that co-stimulation of T cells might be impaired in early life246. 

Thus, future studies should address whether neonatal DCs can upregulate co-

stimulatory molecules to the same levels as adults after MCMV infection. Nevertheless, 

the initially lower levels of co-stimulatory molecules may constitute a disadvantageous 

setting for CD8 T cell priming. 

Cytokine signals further optimize the differentiated phenotype acquired by effector T 

cells247, and differentiation of CD8 T cells into highly cytotoxic subsets depends on 

timely cooperation between several transcription factors248. Accordingly, there was a 

remarkable shift in the cytokine response after MCMV infection, with adults highly 

expressing IL-2, IL-7, and IL-15, whereas neonates upregulated IL-6, IFN-, and IFN-

β. Importantly, cytokines upregulated in adults belong to the common receptor -chain 

family and their signalling induces ID2, ZEB2, T-bet, and BLIMP-1 upregulation to drive 

the CD8 T cell phenotype into cytotoxic-granule-producing cells249-252. In line with this, 

the single-cell transcriptomics revealed the genes encoding for these proteins (Id2, 

Zeb2, Tbx21, and Prdm1, respectively) to be less expressed in effector CD8 T cells 

isolated from MCMV-infected neonates. -chain cytokines concurrently lead to the 

downregulation of differentiation-repressing transcription factors such as ZEB1, ID3, 

and TCF1249-252). Importantly, ex vivo IL-15 treatment can increase the expression of 

CXCR6 and CCL5252, marker genes of Teff 3 and Teff 4. Thus, these cytokines are 

involved in driving terminal differentiation and cytotoxic phenotypes of effector CD8 T 

cells, suggesting that the lower concentration of these molecules strongly impacts 

early-life MCMV pathology. 

Additionally, IL-27, IL-33, and IFN- were present in adult lungs but remained largely 

undetected in neonates. IFN- signalling affects the activation and differentiation of T 

cells253 and its absence results in fewer granzyme-producing cells254. Moreover, this 

molecule is crucial in the activation and correct localization of antigen-presenting cells 

and the lack thereof can interfere with co-stimulation through decreased frequencies 

of antigen-specific cells255,256, decreased expression of co-stimulatory molecules, and 

impaired generation of cross-presenting inflammatory DCs257. IL-33 can promote 

antiviral T cell immunity258,259, while IL-27 is able to upregulate effector genes to 

promote a CD44+CD62L- effector phenotype in tumor settings260. In summary, the lack 
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of these cytokines during priming of CD8 T cells seems to impair differentiation of these 

cells in early life MCMV infection, leading to a preferential Teff2 phenotype. Surprisingly, 

neonatal lungs exhibited higher concentrations of IFN- than adults. While these higher 

concentrations are not enough to drive a cytotoxic program in effector CD8 T cells in 

neonates, it is known that IFN-is necessary to control lung MCMV infection138 and the 

meaning of these disparities will need to be addressed. Moreover, only cytokines 

important for the priming of CD8 T cells were analyzed, and other molecules can be 

differentially expressed in an age-dependent manner. As NIFs are possible sites of 

antigen presentation and priming, further studies will need to assess whether these 

differences exist and what the consequences might be.  

In adults, T cells are efficiently primed leading to effective control of MCMV infection 

within days261,262. Consequently, transfer of effector T cells from MCMV-infected adults 

into neonates led to improved control of viral infection, supporting the hypothesis that 

T cell priming in early life is impaired. Of note, no adoptive transfer from T cells derived 

from infected neonates into non-infected neonates was performed, as the number of 

cells that can be isolated from very young mice is a limiting factor. Therefore, this 

question will need to be addressed in future studies using other systems, e.g. cell 

culture killing assays. Furthermore, strategies to improve T cell priming in early life 

upon CMV infection should be investigated. Recently, an antibody targeting CD8 

coupled to an IL-2 molecule has been successively used to improve the priming of CD8 

T cells in the liver, resulting in improved control of hepatitis B virus infection in adult 

mice263. Alternatively, cytokine-antibody complexes have been used to improve the 

differentiation of T cells into effector phenotypes264,265. These approaches might be 

viable in improving T cell priming after early-life MCMV infection and should be 

addressed in future studies. 

5.5 Low frequency of antiviral CD8 T cells in congenital HCMV 

infection 

In humans, a high-dimensional flow cytometry-based phenotyping of the main 

leukocyte populations in the peripheral blood of HCMV-exposed babies revealed T 

cells to be the most affected by infection. Additionally, NK cells and T cells were 

expressed at higher frequencies in infected newborns (Fig. 24), indicating a role of 

these cells in the control of congenital HCMV infection. In fact, HCMV has been shown 
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to lead to adaptive-like expansion of vδ1+ T cells266-268 and NKG2C+ NK cells269,270, 

and these cells might also play a role in control of congenital infection271.  

T cell phenotypes represented most of the differences between control and 

congenitally infected newborns, supporting the findings from the mouse model. 

Importantly, HCMV infection has been shown to lead to the accumulation of 

CD8+TEMRA cells in adults, which constitute most of the HCMV-specific CD8 T 

cells111,134. These cells are characterized by a highly differentiated state exhibiting high 

expression of CX3CR1238, and high lysis capacity through high expression of e.g. 

granzyme B and perforin272,273. Similarly, expression of the CD57 marker on CD8 T 

cells is also increased during HCMV infection109, primarily on CD8+TEMRA274 where 

it seems to be associated with better control of viremia110. Most of these cells 

additionally co-express the NKG2C receptor and exhibit higher cytotoxicity upon 

several stimuli, including HCMV peptides275. Thus, control of congenital HCMV 

infection likely depends on the quantity and cytotoxic potential of CD57+ CD8 T cells 

and CD8 TEMRA cells. Notably, a median of 9% of CD8 T cells from HCMV+ neonates 

exhibited CD57 expression, in comparison to 42% in HCMV+ adults. Similarly, in the 

mouse model, approximately 10% of T cells isolated from infected neonates showed 

positive cytotoxicity scores, while in adults around 40% CD8 T cells were above this 

threshold. While HCMV-specific T cells are known to produce cytotoxic molecules 

upon stimulation135, their cytotoxic potential remains to be addressed. Additionally, with 

the recent rise of multiomics approaches, future studies will be better positioned to 

investigate the presence and quality of CD8 T cell priming signals in early-life infection. 

In conclusion, a low precursor frequency in early life greatly increases susceptibility to 

CMV. However, when higher frequencies of T cells are achieved, a deficient CD8 T 

cell priming environment characterized by a lower -chain cytokine signalling skews 

CD8 T cell differentiation towards less cytotoxic phenotypes, adding to the increased 

susceptibility to CMV disease (Fig. 35). 
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Figure 35. Graphical summary of age-related differences in the T cell response against MCMV 

infection. CD8 T cells are efficiently primed in adults (upper panel) through IL-2, IL-7, IL-15 and co-

stimulation, driving the differentiation program into highly cytotoxic effector CD8 T cells that efficiently 

eliminate virus-infected cells. In neonates (lower panel), lower levels of priming signals 2 and 3 impair 

the generation of cytotoxic CD8 T cells and MCMV-infected cells persist longer in these systems.  

5.6 Performance of an Interferon- test to assess cell-mediated 

immunity to SARS-CoV-2 

Several diagnostic tests are currently employed to assess current and past infection 

with SARS-CoV-2. In this study, the performance of CMI tests for SARS-CoV-2 
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infection was evaluated using a large cohort of 522 blood donors with a known history 

of SARS-CoV-2 infection. In addition, a high interval between infection and data 

acquisition allowed to emphasize the potential of IGRA in assessing SARS-CoV-2 CMI 

a year after infection, to compare the strength of the response between different 

epitopes, and to correlate these findings to clinical data. 

Importantly, the blood samples were tested before the establishment of the main 

vaccination program in Germany that was made available to the general public in April 

2021. Furthermore, at the time when the last test was performed, only approximately 

4% (71,465 cases) of the population in Hamburg had experienced a past SARS-CoV-

2 infection, reducing the likelihood of asymptomatic individuals making part of the 

negative control group and improving the resolution of the calculated cut-off values. 

To date, several studies have reported the use of IGRA to assess SARS-CoV-2 cell-

mediated immunity276-279. These tests can be of special importance for individuals who 

do not develop humoral immunity280 or individuals with acquired immune defects, 

where antibody responses cannot be used to assess SARS-CoV-2 immunity. Indeed, 

neonates are at higher risk for false negative tests due to lower antibody responses, 

but similarly to false positive responses, as antibodies can be transmitted to the 

newborn in utero206 or through breast milk281,282. Thus, as T cell immunity can be 

developed already during fetal development, CMI tests might constitute a more reliable 

approach to assess past SARS-CoV-2 infection. Accordingly, IGRAs revealed no CMI 

to SARS-CoV-2 in neonates born to mothers with acute or resolved SARS-CoV-2 

infection (Fig. 34). By contrast, within the same study, higher levels of IgG were found 

in cord blood than in maternal serum207, indicating possible transplacental IgG transfer 

from mother to fetus283. Thus, while in these neonates it cannot be distinguished 

whether IgG is derived from the mothers or the fetus, a positive CMI result would 

indicate likely congenital infection with SARS-CoV-2. Importantly, despite no 

congenital SARS-CoV-2 infections being detected in our study, these events have 

been circumstantially reported and appear to be rare events284. 

The baseline IFN- values in convalescent donors were significantly higher than those 

of control donors. Though these differences are of a small effect size, the implications 

arising from them are unknown and need to be addressed by further studies. It is to be 

expected that higher IFN- values are observed in the context of latent infections, e.g. 

HCMV, where low-grade reactivation events occur and repeatedly stimulate T cells. By 



Discussion 

83 
 

contrast, SARS-CoV-2 does not establish latency and can be cleared, in most cases, 

within weeks of infection, making it unclear why higher IFN- values are observed in 

these donors almost one year after recovery. 

Nucleocapsid stimulations elicited higher IFN- release in convalescent patients and 

exhibited better performance than tests using spike. It has been reported that most 

SARS-CoV-2 immunodominant T cell epitopes are derived from NC285, which might 

explain the higher performance of this protein. Moreover, several variants of SARS-

CoV-2 have emerged since the virus was first detected. Mutations within the spike 

sequence make up most of the single nucleotide polymorphisms that define these 

variants286,287, indicating that this protein might be subject to higher selective 

pressures. Thus, with the use of peptide sequences derived from the first-sequences 

SARS-CoV-2, it is likely that more epitopes from spike have mutated and can no longer 

be recognized by T cells within these tests, leading to lower supernatant IFN- values.  

Anti-nucleocapsid antibody tests were more affected by the time between positive PCR 

result and sample collection, indicating that CMI tests might be at an advantage when 

assessing past infection over longer periods. Indeed, it has been reported that T cells 

responses against SARS-CoV-2 variants are more conserved as compared to antibody 

epitopes288-290. Further studies will need to assess in more detail how sensitive CMI 

tests are to the appearance of new variants, as it has been extensively reported that 

antibody tests might fail to recognize epitopes from different variants291-294. 

Tests with spike yielded several false positive tests, in contrast to CMI tests with NC 

or anti-NC antibody tests, contributing to a better performance of tests involving 

nucleocapsid. Cross-reactive T cells can be generated upon infection with other related 

human coronaviruses197, with a great proportion of these recognizing spike epitopes295. 

Thus, it is possible that infections with other human coronaviruses can influence SARS-

CoV-2 CMI results, in particular tests with spike. Similarly, a smaller proportion of 

donors with negative PCR and antibody tests exhibited positive nucleocapsid CMI 

results, or both S and NC. 

A small proportion of donors were positive for SARS-CoV-2 PCR and anti-NC antibody 

results, but negative S and NC CMI. In these donors, a higher number of white blood 

cells was detected, and future studies will need to assess whether there is a direct 

connection between these two results. No differential blood counts were obtained in 
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this study, and it would be interesting to investigate which cells are responsible for 

higher numbers of leukocytes in this context. However, an increase in the white blood 

cell count is usually a result of higher numbers of neutrophils, whose role in regulating 

T cell responses is under discussion296. Importantly, if high WBC counts can generally 

interfere with CMI results, it is recommendable that these numbers are assessed when 

using CMI tests established in routine diagnostics. 

Taken together, this study suggests that CMI tests are simple, cost-effective tests that 

can be used both to investigate antigen-specific T cell responses against 

SARS-CoV-2 and in routine diagnostics to assess the generation of virus-specific T 

cells upon infection or vaccination. 

5.7 Concluding remarks 

Mothers infected with HCMV can transmit the virus to the fetus; however, this is not 

true for mice infected with MCMV, even at high infection doses of immunocompromised 

mothers. This work elucidates a mechanism of resistance to MCMV infection at the 

murine materno-fetal interface. Cells at this interface express low levels of NRP1, and 

artificial expression of this protein can increase infection of these cells. These data 

suggest that an increased susceptibility to infection of cells from the materno-fetal 

interface could facilitate cell-to-cell spread and potentially lead to fetal infection, 

allowing for the development of a mouse model where congenital infection with MCMV 

is possible. 

Congenital CMV infection is associated with a higher risk for CMV disease. While T 

cells can rapidly clear infection in immunocompetent adults, neonates shed the virus 

for prolonged periods, in great part due to a low precursor frequency of CMV-specific 

T cells in early life. The work presented in this thesis additionally suggests that T cells 

in early life do not differentiate into highly cytotoxic phenotypes, delaying the control of 

CMV infection. This defect in differentiation is linked to deficient priming signals that 

are crucial for the establishment of antiviral CD8 T cells. 

To leverage the potent T cell responses generated upon viral infections, I established 

a diagnostic test to assess previous SARS-CoV-2 infection. This test reliably 

distinguished healthy from convalescent donors. Altogether, CMI tests are simple and 

cost-effective, with the potential to be used in routine diagnostic labs. 
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6 Materials 

6.1 Animals 

Strain Reference 

C57BL/6J JAX stock #000664 

Rag2-/-Il2rg-/- JAX stock #008449 

β-actin-eGFP JAX stock #006567 

β-actin-eCFP JAX stock #004218 

OT-I JAX stock #003831 

OT-II JAX stock #004194 

 

6.2 Cells 

Cell line Tissue Reference 

10.1 Murine embryo fibroblasts Harvey et al.297 

M2-10B4 Bone marrow/stroma 

fibroblasts 

Lemoine et al.298 

SM9-1 Swiss mouse trophoblasts Hunt et al.299 

SM9-1 GFP Swiss mouse trophoblasts 

transduced with eGFP-

encoding lentivirus 

This study, generated by 

Dr. Eleonore Ostermann 

SM9-1 NRP1-GFP Swiss mouse trophoblasts 

transduced with eGFP-

encoding lentivirus 

This study, generated by 

Dr. Eleonore Ostermann 

Primary placenta cells Primary placenta cells 

derived from C57BL/6 mice 

This study 
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6.3 Viruses 

Virus Description Reference 

MCMV-2DR mMIEP-mCherry-Gaussia 

luciferase -polyA cassette 

inserted within m157; 

MCK2 repaired 

Bošnjak et al.85 

MCMV-3DR mMIEP-mCherry-Gaussia 

luciferase -polyA cassette 

inserted within m157; 

OVA257-264 sequence 

within m164; MCK2 

repaired 

Lemmermann et al, 

Marquardt et al. And Stahl 

et al.83,300,301 

MCMV-4DR Based on MCMV-3DR 

with hMIEP-TfR-OVA299-

385-BGH-PolyA 

sequence inserted within 

m128 

This study 

mMIEP; MCMV major immediate early promoter; MCK2, MCMV-encoded chemokine 2; ; hMIEP, HCMV 

major immediate early promoter; TfR, transferrin receptor; BGH-PolyA; bovine growth hormone 

polyadenylation 

6.4 Primers and probes 

Name Sequence 

OT-I TCR F CAGCAGCAGGTGAGACAAAGT 

OT-I TCR R GGCTTTATAATTAGCTTGGTCC 

OT-I TCR F AAGGTGGAGAGAGACAAAGGATTC 

OT-I TCR R TTGAGAGCTGTCTCC 

OT-I internal positive control F CAAATGTTGCTTGTCTGGTG 

OT-I internal positive control R GTCAGTCGAGTGCACAGTTT 

OT-II TCR F AAAGGGAGAAAAAGCTCTCC 

OT-II TCR R ACACAGCAGGTTCTGGGTTC 

OT-II TCR F GCTGCTGCACAGACCTACT 

OT-II TCR R CAGCTCACCTAACACGAGGA 
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(continued) 

OT-II internal positive control F CTAGGCCACAGAATTGAAAGATCT 

OT-II internal positive control R GTAGGTGGAAATTCTAGCATCATCC 

eGFP F (PCR) AAGTTCATCTGCACCACCG 

eGFP R (PCR) TCCTTGAAGAAGATGGTGCG 

eGFP internal positive control F CTAGGCCACAGAATTGAAAGATCT 

eGFP internal positive control R GTAGGTGGAAATTCTAGCATCATCC 

eGFP F (qPCR) TACCCCGACCACATGAAGCAGC 

eGFP R (qPCR) GTCGTCCTTGAAGAAGATGGTGCG 

eGFP probe FAM-TTCAAGTCCGCCATGCCCGAA-

TAMRA 

 

6.5 Antibodies 

Antigen Clone 
Target 

species 
Fluorophore Dilution Source/RRID 

NRP1 3E12 Mouse PE 1:20 
Biolegend, 

AB_2561928 

CD3 17A2 Mouse Alexa Fluor 647 
FC: 1:100 

IF:1:200 

BioLegend, 

AB_389323 

CD3 17A2 Mouse 
Brilliant Violet 

711 
FC: 1:100 

BioLegend, 

AB_312966 

CD3 17A2 Mouse FITC FC: 1:100 
BioLegend, 

AB_312661 

CD3 REA641 Human PE FC: 1:100 

Miltenyi 

Biotec, 

AB_2657081 

CD4 REA604 Human PE-Vio770 FC: 1:100 

Miltenyi 

Biotec, 

AB_2657967 

CD4 GK1.5 Human PerCP FC: 1:100 
BioLegend, 

AB_2657967 
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 (continued) 

CD8b YTS156.7.7 Rat APC 
FC: 

1:100 

BioLegend, 

AB_2562774 

CD8b REA 793 Human APC-Vio770 
FC: 

1:100 

Miltenyi 

Biotec, 

AB_2659548 

CD44 IM7 Rat/Mouse APC 
FC: 

1:100 

BioLegend, 

AB_312963 

CD44 IM7 Rat/Mouse PE 
FC: 

1:100 

BioLegend, 

AB_312959 

CD44 IM7 Rat/Mouse Pacific Blue 
FC: 

1:100 

BioLegend, 

AB_493683 

CD44 REA664 Human PE-Vio770 
FC: 

1:100 

Miltenyi 

Biotec, 

AB_2733233 

CD45 30-F11 Rat APC 

FC: 

1:100 

IF:1:100 

BioLegend, 

AB_312977 

CD45 30-F11 Rat Alexa Fluor 750 

FC: 

1:100 

IF:1:100 

R&D 

Systems, 

AB_3065245 

CD62L Mel-14 Rat Alexa Fluor 488 
FC: 

1:100 

BioLegend, 

AB_493376 

B220 REA755 Human FITC 
FC: 

1:100 

Miltenyi 

Biotec, 

AB_2658273 

B220 RA3-6B2 Rat/Mouse PE 

FC: 

1:100 

IF:1:200 

Invitrogen, 

AB_465672 

CXCR6 SA051D1 Rat/Mouse 
Brilliant Violet 

711 

FC: 

1:100 

BioLegend, 

AB_2721558 

KLRG1 2F1/KLRG1 
Syrian 

Hamster 
APC-Cyanine7 

FC: 

1:100 

BioLegend, 

AB_2566554 
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(continued) 

NK1.1 PK136 Mouse APC FC: 1:100 

Miltenyi 

Biotec, 

AB_2727927 

TCRvα2 B20.1 Rat PE FC: 1:100 
BioLegend, 

AB_1134183 

TCRβ REA318 Human PerCP-Vio700 FC: 1:100 

Miltenyi 

Biotec, 

AB_2654028 

CD3 OKT3 Mouse 
Brilliant Violet 

510 
FC: 1:100 

BioLegend, 

AB_2561943 

CD4 OKT4 Mouse Alexa Fluor 700 FC: 1:100 
BioLegend, 

AB_571942 

CD8 RPA-T8 Mouse 
Brilliant Violet 

605 
FC: 1:100 

BioLegend, 

AB_2563185 

CD25 BV 96 Mouse 
Brilliant Violet 

421 
FC: 1:100 

BioLegend, 

AB_11126749 

CD31 WM59 Mouse APC-Cyanine7 FC: 1:100 
BioLegend, 

AB_10640734 

CD39 A1 Mouse PE-Cyanine7 FC: 1:100 
BioLegend, 

AB_2293623 

CD45RA HI100 Mouse PE-Dazzle 594 FC: 1:100 
BioLegend, 

AB_2564079 

CD73 AD2 Mouse PE FC: 1:100 
BioLegend, 

AB_2298698 

CD127 A019D5 Mouse 
Brilliant Violet 

650 
FC: 1:100 

BioLegend, 

AB_2562095 

HLA-DR L243 Mouse 
Brilliant Violet 

711 
FC: 1:100 

BioLegend, 

AB_2562913 

CCR4 TG6 Mouse 
PerCP-

Cyanine5.5 
FC: 1:100 

BioLegend, 

N/A 

CD4 RPA-T4 Mouse PE-Dazzle 594 FC: 1:100 
BioLegend, 

AB_2563565 
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(continued) 

CD8 HIT8a Mouse Alexa Fluor 700 FC: 1:100 
BioLegend, 

AB_528884 

CD27 O323 Mouse 
Brilliant Violet 

650 
FC: 1:100 

BioLegend, 

AB_2562096 

CD45RO UCHL1 Mouse 
Brilliant Violet 

785 
FC: 1:100 

BioLegend, 

AB_2563819 

CD69 FN50 Mouse APC-Cyanine7 FC: 1:100 
BioLegend, 

AB_314849 

CD161 HP-3G10 Mouse 
Brilliant Violet 

605 
FC: 1:100 

BioLegend, 

AB_2563607 

CCR6 G034E3 Mouse 
PerCP-

Cyanine5.5 
FC: 1:100 

BioLegend, 

AB_10918985 

CCR7 G043H7 Mouse 
Brilliant Violet 

711 
FC: 1:100 

BioLegend, 

AB_2563865 

TCR  11F2 Mouse PE-Cyanine7 FC: 1:100 

BD 

Biosciences, 

AB_2870377 

TCR V1 TS-1 Mouse FITC FC: 1:100 

Thermo 

Fisher 

Scientific, 

AB_223619 

TCR V2 123R3 Mouse APC FC: 1:100 

Miltenyi 

Biotec, 

AB_10831200 

TCR v9 IMMU 360 Mouse FITC FC: 1:100 

Beckman 

Coulter, 

AB_130871 

CD3 OKT3 Mouse 
Brilliant Violet 

785 
FC: 1:100 

BioLegend, 

AB_2563507 

CD4 RPA-T4 Mouse APC-Cyanine7 FC: 1:100 
BioLegend, 

AB_314086 
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(continued) 

CD8 RPA-T8 Mouse 
Brilliant Violet 

510 
FC: 1:100 

BioLegend, 

AB_2561942 

CD25 2A3 Mouse PE FC: 1:100 

BD 

Biosciences, 

AB_2783790 

CD28 CD28.2 Mouse PE-Cyanine7 FC: 1:100 
BioLegend, 

AB_10644005 

CD38 HIT2 Mouse Alexa Fluor 700 FC: 1:100 
BioLegend, 

AB_2072781 

CD57 HCD57 Mouse FITC FC: 1:100 
BioLegend, 

AB_535992 

CD95 DX2 Mouse 
Brilliant Violet 

421 
FC: 1:100 

BioLegend, 

AB_2561830 

CCR7 G043H7 Mouse APC FC: 1:100 
BioLegend, 

AB_10917385 

TCR 

V7.2 
3C10 Mouse APC-Cyanine7 FC: 1:100 

BioLegend, 

AB_2561995 

CD107a REA792 Human PE FC: 1:100 

Miltenyi 

Biotec, 

AB_2654474 

NKG2A REA110 Human PE-Vio770 FC: 1:100 

Miltenyi 

Biotec, 

AB_2726172 

NKG2C REA205 Human APC FC: 1:100 

Miltenyi 

Biotec, 

AB_2727933 

NKG2D 1D11 Mouse 
Brillian Violet 

785 
FC: 1:100 

Biolegend, 

AB_2728271 

TruStain 

FcX™ 
93 Mouse unconjugated FC: 1:100 

Biolegend, 

AB_1574975 

FITC, fluorescein isothicyanate; PE, R-phycoerythrin; PerCP, Peridin-Chlorophyll-Protein; APC, 

allophycocyanin; FC, flow cytometry; IF, immunofluorescence; RRID, Research Resource Identifier 
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6.6 Tetramers 

Antigen MHC 

allele 

Sequence Dilution Source 

M38 H-2Kb SSPPMFRV 1:200 Ramon Arens 

M45 H-2Db HGIRNASFI 1:200 Ramon Arens 

m139 H-2Kb TVYGFCLL 1:200 Ramon Arens 

M25 I-Ab NHLYETPISATAMVI 1:100 NIH Tetramer Facility 

 

6.7 Peptides 

Peptide Virus Source 

Nucleocapsid (NC) SARS-CoV-2 Miltenyi Biotec 

Spike (S) SARS-CoV-2 Miltenyi Biotec 

Membrane (M) SARS-CoV-2 Miltenyi Biotec 

 

6.8 Chemicals and reagents 

Name Source 

Ketamidor 10% WDT 

Xylazine WDT 

Tween-20 Sigma-Aldrich 

Paraformaldehyde (PFA) Merck 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich 

Ionomycin Sigma-Aldrich 

Tissue-Tek O.C.T. Compound Sakura Finetek 

Coelenterazine Synchem 

Zombie Violet viability dye Biolegend 

Zombie NIR viability dye Biolegend 

eFluor 450 proliferation dye Thermo Fisher Scientific 

eFluor 670 proliferation dye Thermo Fisher Scientific 

DAPI Sigma-Aldrich 

Normal rat serum Life Technologies GmbH 

Trypan Blue Thermo Fisher Scientific 
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6.9 Cell culture media 

Name Source 

Dulbecco’s Modified Eagle’s Medium (DMEM) 

with glucose 

Sigma-Aldrich 

Dulbecco’s Phosphate Buffered Saline Sigma-Aldrich 

Trypsin-EDTA (1x) Sigma-Aldrich 

Fetal calf serum (FCS) Pan Biotech Gmbh 

Penicillin/streptomycin (100x) Sigma-Aldrich 

DMEM Mixture F-12 (DMEM/F12) Thermo Fisher Scientific 

2-mercaptoethanol Thermo Fisher Scientific 

Sodium pyruvate Thermo Fisher Scientific 

 

6.10 Buffers 

Name  Components Source 

FACS Buffer 5% FCS in PBS Pan Biotech Gmbh 

3 mM EDTA Sigma-Aldrich 

MACS Buffer 5% FCS in PBS Pan Biotech Gmbh 

6 mM EDTA Sigma-Aldrich 

10X Erythrocyte lysis 

buffer 

1.5M NH4Cl Merck 

100 mM KHCO3 Merck 

10 mM EDTA Sigma-Aldrich 

Fixation buffer for 

histology, pH 7.4 

4% (w/v) PFA Merck 

30% (w/v) sucrose Merck 

Fixation buffer for flow 

cytometry, pH 7.4 

2% (w/v) PFA in PBS Merck 

TBS-T, pH 7.5 1 mM Tris-HCl Sigma-Aldrich 

0.15 mM NaCl Merck 

0.1% Tween 20 Sigma-Aldrich 

Mowiol mounting medium, 

pH 8.5 

100 mM Tris Sigma-Aldrich 

5.5M Mowiol 4-88 Sigma-Aldrich 

25% (v/v) glycerol Sigma-Aldrich 
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(continued) 

50x TAE buffer, pH 8.0 2M Tris-Hcl Sigma-Aldrich 

50 mM EDTA Sigma-Aldrich 

5.5% (v/v) acetic acid Merck 

Virus standard 

buffer/sucrose, pH 7.8 

50 mM Tris-Hcl Merck 

12 mM KCl Merck 

5 mM Na2 EDTA Sigma-Aldrich 

15% (w/v) sucrose Merck 

Methylcellulose 2.5% (w/v) 

Methylcellulose 

Th. Geyer GmbG & Co. 

KG 

10 (v/v) Modified Eagle’s 

Medium 

Sigma-Aldrich 

1% (v/v) 

Penicillin/Streptomycin 

Sigma-Aldrich 

1.5% (v/) L-Glutamine Sigma-Aldrich 

10 mM NaHCO3 Merck 

5% (v/v) FCS Pan Biotech Gmbh 

6.11 Commercial kits 

Name Source 

blackPREP Rodent Tail DNA Kit Analytik Jena AG 

Pan T Cell Isolation Kit II, mouse Miltenyi Biotec 

Naive CD4+ T Cell Isolation Kit, mouse Miltenyi Biotec 

Naïve CD8a+ T Cell Isolation Kit, mouse Miltenyi Biotec 

CD3ε MicroBead Kit, mouse Miltenyi Biotec 

Pan Dendritic Cell Isolation Kit, mouse Miltenyi Biotec 

eBioscience™ Intracellular Fixation & Permeabilization 

Buffer Set 

Invitrogen 

LEGENDplex™Custom Mouse 14 Plex Panel Biolegend 

Chromium Next GEM Single Cell 5’ Kit v2 10x Genomics 

Library Construction Kit 10x Genomics 

Chromium Next GEM Chip K Single Cell Kit 10x Genomics 

Chromium Single Cell Mouse TCR Amplification Kit 10x Genomics 
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6.12 Devices and equipment 

Name Source 

NanoDrop ND-2000 Spectrophotometer Peqlab 

QuantStudio 5 Thermo Fischer 

MJ Research PTC-200 Thermal Cycler Bio-Rad 

HeraSafe Safety Cabinet Heraeus 

Hera Cell 150 CO2 incubator Heraeus 

Centro LB 960 XS3 Microplate  Berthold 

TissueLyser II Qiagen 

Sorvall RC6 Plus centrifuge Thermo Fisher 

CryoStar NX70 cryostat Epredia 

Beckman Optima L-70 Ultracentrifuge Beckman Coulter 

MACS Multistand Miltenyi Biotec 

QuadroMACS Separator Miltenyi Biotec 

Zeiss AxioObserver w/ Apotome 

widefield microscope 

Carl Zeiss 

Leica TCS SP8 X confocal microscope Leica 

AxioScan Z.1 slide scanner Carl Zeiss 

FACSCanto flow cytometer BD Biosciences 

LSRFortessa flow cytometer BD Biosciences 

FACSSymphony A3 flow cytometer BD Biosciences 

FACS Aria Fusion cell sorter BD Biosciences 

LIAISON XL chemiluminescence 

analyzer 

Diasorin 

6.13 Bioinformatic tools 

Name Source 

GraphPad Prism 8, 9, and 10 GraphPad 

WinList v9 and v10 Verity Software House 

Microsoft Office 2016 Microsoft 

Image Lab Software Bio-Rad 

FACSDiva BD Biosciences 
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(continued) 

ImageJ National Institutes of Health 

Inkscape Inkscape 

Endnote Clarivate 

Leica Application Suite C Leica 

Zen v2 and v3 blue edition Carl Zeiss 

AxioVision SE64 Rel 4.9 Carl Zeiss 

FlowJo V10 BD 

R R development team 

Rstudio Posit 

ggplot2 v3 Wickham302 

Seurat v4 Satija Lab303 

palmerpenguins Horst et al.304 

Rtsne Van der Maaten and van der Maaten305 
306 

pheatmap Kolde307 

tidyverse Wickham et al.308 
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7 Methods 

7.1 Viruses 

Infection experiments were performed with MCMV-3DR83,300,301 unless otherwise 

stated. This recombinant encodes for an mCherry-P2A-Gaussia luciferase reporter 

within the m157 ORF of MCMV under the major IE promoter. Additionally, a chicken 

ovalbumin SIINFEKL (OVA257-264) was inserted within the m164 ORF. A previously 

described spontaneous mutation within the m129 ORF309 has been repaired to encode 

the full-length MCK2. MCMV-4DR was created by Prof. Felix Stahl and Dr. Eleonore 

Ostermann and is a modification of MCMV-3DR, where the sequence for a fusion 

protein made of the first 118 residues of the human transferrin receptor linked to 

residues 299-385 of chicken ovalbumin was inserted within the m128 ORF under the 

human major immediate early promotor (Fig. 13). MCMV-2DR85 does not encode for 

any of the chicken ovalbumin sequences (Fig. 13). All recombinants derived from the 

pSM3fr Smith strain and were modified by bacterial artificial chromosome mutagenesis 

using the en passant protocol310. 

7.2 Production of virus stocks 

For virus stock production, 6 x 107 10.1 fibroblast cells were infected with a multiplicity 

of infection (MOI) of 0.015 in complete medium and distributed equally through thirty 

150 mm cell culture dishes. At 3 and 5 dpi, supernatants were transferred to fresh 

tubes and centrifuged at 6,000 x g for 10 minutes at 4° C. The supernatants were 

transferred to fresh tubes and centrifuged at 25,800 x g for 3 hours at 4° C. The 

supernatants were then discarded and the pellets resuspended overnight in PBS on 

ice. Next, the resuspended pellet was loaded onto a sucrose/virus standard buffer 

cushion and ultracentrifuged at 70,000 x g for 90 min at 4° C.  The supernatant was 

discarded, the pellet resuspended in PBS overnight on ice and aliquoted into fresh 

tubes the following day.  

7.3 Virus titration 

Virus titers were determined by plaque assay. In summary, 4 x 104 M2-10B4 fibroblasts 

were seeded overnight with DMEM containing 3% FCS and 1% P/S on a 48-well plate. 

Next, independent quadruplicates of 10-fold serial dilutions ranging from 10-3 to 10-8 

were prepared and added to different wells. The plates were incubated for 3 hours at 
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37°C and 5% CO2, after which 400 µL of methylcellulose were added to each well. 

After 4-5 days, plaques were counted to calculate the virus titers. 

7.4 Animals 

C57BL/6J mice were purchased from Charles River Laboratories, kept at the animal 

facility of the University Medical Center Hamburg-Eppendorf and bred in individually 

ventilated cages under pathogen-free conditions.  β-actin eGFP311, β-actin eCFP312, 

Rag2-/-IL2rg-/-313,314 and ovalbumin-transgenic TCR (OT-I and OT-II) mice315,316 were 

all from a C57BL/6 background. OT-I mice were crossed with β-actin eCFP to generate 

OTIxCFP mice and OT-II mice with β-actin eGFP to generate OTIIxGFP mice. 

Experiments were performed according to the guidelines of the FELASA and Society 

of Laboratory Animals (GV-SOLAS) and approved by the local authorities (Behörde für 

Gesundheit und Verbraucherschutz, Amt für Verbraucherscutz, Freie und Hansestadt 

Hamburg, reference numbers 06/16, 39/17, 45/19, 04/20, and ORG1059). 

7.5 Genotyping of transgenic mice 

Mice tails were collected within the first weeks of life by animal technicians from the 

animal facility of the UKE and stored at -20° C until further processing. Genotyping was 

performed using the blackPREP Rodent Tail DNA Kit according to the manufacturer’s 

instructions. In short, tails were lysed in Lysis Solution QPT with Proteinase K at 37°C 

for up to 3h. The lysed tails were centrifuged at 10,000 x g for 30s and the supernatant 

was transferred to a fresh tube containing SBS Binding Solution. The DNA-containing 

solution were vortexed, added to a spin filter and centrifuged for 2 min at 10,000 x g. 

Next, MS Washing Solution were added to the spin filter, which was centrifuged for 2 

min at 10,000 x g. This washing step was performed one more time and the empty spin 

filter was centrifuged at 15,000 x g for 2 min to remove residual ethanol. The DNA was 

then eluted after incubation with ddH2O and the spin filter was centrifuged for 1 min at 

8,000 x g. Genotypes were then assessed by polymerase chain reaction (PCR) or, for 

act-eGFP mice, quantitative PCR. 

7.6 Mouse infections 

Neonatal mice were infected intratracheally within 24h of birth (PND 0) with 104 plaque-

forming units (PFU) MCMV diluted in 10 µL PBS. Adult mice (6-36 weeks) were 
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infected intranasally with either 2x105 or 106 PFU MCMV diluted in 40 µL PBS under 

anesthesia (100 mg/kg body weight ketamine and 5 mg/kg body weight xylazine, i.p.). 

7.7 T cell isolation for adoptive cell transfers 

Naive T cells were isolated from secondary lymphoid organs of adult wt, OT-I or OT-II 

mice. Collected organs were mashed through a 100 µm cell strainer, rinsed with FACS 

buffer and centrifuged for 15 min at 500 x g. The pellet was then resuspended in FACS 

buffer and the cell suspension passed through a 40 µm cell strainer. The cells were 

then counted and T cells were isolated with either a Pan T Cell Isolation Kit (for wildtype 

T cells), CD4 T Cell Isolation Kit (for OT-II cells) or CD8 T Cell Isolation kit (OT-I cells) 

according to manufacturer’s instructions. In brief, the cells were resuspended in MACS 

buffer containing biotin-antibody cocktail, mixed and incubated for 5 min on ice. Next, 

magnetically-labelled anti-biotin antibodies suspended in MACS buffer were added to 

the cell suspension, which was then mixed and incubated 10 min on ice. Cells were 

then passed through a LS column previously placed on a magnetic MACS separator. 

The column was washed twice and the flow-through containing the isolated T cells was 

centrifuged 15 min at 500 x g. OT-I and OT-II were subsequently stained with the 

proliferation dye eFluor 670 and, in some cases, isolated wildtype T cells were stained 

with eFluor 450 according to the manufacturer’s instructions with minor changes. 

Briefly, cells were washed twice with PBS and incubated 10 min at 37°C in a 

concentration of 107 cells/ml with 10 µM proliferation dye. Labelling was then stopped 

by adding 5 volumes of stopping buffer and incubating 5 min on ice.  

Effector T cells were isolated from the lungs of MCMV-infected adult wildtype mice. 

Mice were infected with 2x105 PFU MCMV-3DR and, at 7 dpi, lungs were collected 

and digested with a Lung Dissociation Kit according to the manufacturer’s instructions. 

In short, lungs were placed in a C Tube containing Dissociation Buffer, Enzyme D and 

Enzyme A. The C Tube was attached to a gentleMACS Dissociator and lungs were 

dissociated using the preset m_lung_01 program. C Tubes were incubated at 37°C for 

30 min and shaken every 5-10 min. Then, C Tubes were again attached to the 

gentleMACS Dissociator and the program m_lung_02 was run for a final dissociation. 

Cells were then run through a 100 µm cell strainer and stained with Zombie NIR, 

BV771-labelled anti-CD3 (clone 17A2) and PE-labelled anti-CD44 (clone IM7) 

antibodies. The cells were then resuspended in FACS Buffer and living CD3+CD44+ 

effector T cells were sorted in a FACS Aria III cell sorter.  
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Isolated cells were always washed twice with PBS and counted before application into 

the recipient animals. Adoptive transfers were always performed with 50 µL PBS 

containing different cell numbers as specified in the experiments. 

7.8 Cell culture 

All cell culture work was performed under a laminar flow hood. M2-10B4 and 10.1 

fibroblasts were cultured in 150 mm tissue culture dishes with Dulbecco’s modified 

Eagle medium (DMEM) complemented with 10% fetal calf serum (FCS) and 100 IU 

Penicillin/100 µg Streptomycin (P/S) (altogether, complete DMEM) at 37°C and 5% 

CO2. At around 90% confluence, cells were washed once with PBS and 0.25% Trypsin-

EDTA solution was added to the cell monolayer. After 5 minutes, complete DMEM was 

added and 10% of the cells were transferred to a new cell culture dish. For plaque 

assays, cells numbers were calculated on an automated cell counter after loading 10 

µL cell suspension into counting slide. Wildtype SM9-1 and transduced cells were 

cultured in 100 mm tissue culture dishes with DMEM Mixture F-12 (DMEM/F12) 

complemented with 10% FCS, 100 IU / 100 µg P/S, and 50 µM 2-mercaptoethanol 

(complete DMEM/F12) at 37°C and 5% CO2.  

7.9 Polymerase chain reaction 

PCRs were performed using 2 µL eluted DNA in 1X KAPPA2G Fast ReadyMix 

according to the manufacturer’s instructions. PCR products were analyzed on 1% 

agarose TAE gels for 45 min at 120 V. 

7.10 Isolation of placenta cells 

Placenta cells were isolated as previously described317,318. Briefly, placentas were 

macroscopically dissociated from the fetuses, cut into small fragments and digested in 

collagenase Type II-S until the tissue could pass through a 10 mL serological pipette. 

The digested tissue was passed through a 70 µm cell strainer, separated in a 

discontinuous Percoll gradient (0-70%), and cells were collected from the 20-50% 

layers. Primary placenta cells were then washed and cultured in complete DMEM/F12. 
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7.11 Single cell suspensions from spleens, lymph nodes and 

blood for flow cytometry 

Mouse blood was obtained by retro-orbital bleeding into EDTA-coated tubes and 

stored at room temperature until further processing. Red blood cells were lysed in 10 

volumes of erythrocyte lysis buffer for 15 min at room temperature. Cells were then 

centrifuged for 5 min at 500 x g and resuspended in FACS buffer. Lung-draining lymph 

nodes were gently mashed between two glass slides and the resulting cell suspension 

was collected in FACS buffer. Cells were then centrifuged for 5 min at 500 x g and 

resuspended in FACS buffer. Spleens were cut into four pieces and gently mashed on 

a 100 µm cell strainer. Cells were centrifuged for 15 min at 500 x g and resuspended 

in FACS buffer. 

7.12 Isolation of lung T cells 

Animals were perfused with PBS and lungs collected and digested as described in 

section 7.7. Next, T cells were isolated with a CD3ε MicroBead Kit according to the 

manufacturer’s instructions with changes. Briefly, every 107 cells were resuspended in 

100 µL MACS buffer with 10 µL CD3ε-Biotin antibody and incubated for 10 min on ice. 

Next, 80 µL MACS buffer per 107 cells were added together with 20 µL anti-Biotin 

MicroBeads and incubated for 15 min on ice. Cells were centrifuged at 500 x g for 5 

min, resuspended in 500 µL MACS buffer and loaded onto a LS column. The column 

was washed twice with MACS buffer, placed on a 15 mL tube, and magnetically-

labeled CD3+ T cells were plunged from the column in 5 mL MACS buffer. The cell 

suspension was centrifuged for 5 min at 500 x g, the cells were resuspended in FACS 

buffer and stored on ice until further processing.  

7.13 Single-cell RNA sequencing 

For single-cell RNA sequencing, lung T cells were isolated as described in section 

7.12. and were subjected to an additional purification step through staining T cells with 

a BV711-labeled CD3 antibody and cell sorting in a BD FACSAria Fusion (see section 

7.18). Isolated cells were then given to the Next-Generation Sequencing technology 

platform of the Leibniz Institute for Virology for further processing.  Single-cell RNA 

libraries were prepared using the Chromium Next GEM Single Cell 5’ Kit v2 and T cell 
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receptor libraries were constructed with the Chromium Single Cell Mouse TCR 

Amplification Kit according to the manufacturer’s instructions. 

7.14 Isolation of lung dendritic cells 

Lungs were collected and digested as described in section 7.7. Next, dendritic cells 

were enriched from the lung cell suspension using a Pan Dendritic Cell Isolation Kit 

according to the manufacturer’s instructions with changes. In short, 108 cells were 

resuspended in 350 µL MACS buffer and blocked with 50 µL FcR Blocking Reagent 

for 5 min on ice. Next, 100 µL Pan Dendritic Cell Biotin-Antibody Cocktail was added, 

the suspension was mixed and incubated on ice for 10 min. Cells were centrifuged 5 

min at 500 x g, resuspended in 800 µL MACS buffer and 200 µL Anti-Biotin Microbeads 

and incubated for 10 min on ice. Cells were then loaded onto an LS column, the column 

washed twice with MACS buffer and the flow-through containing DCs was centrifuged 

for 5 min at 500 x g. The cell pellet was resuspended in FACS buffer and stored on ice 

until further processing.  

7.15 Organ processing for determination of viral loads and 

luciferase assay 

One to four right lung lobes were collected and lysed on a TissueLyser II in 1 mL PBS 

containing a 7 mm stainless steel bead for 2 min at 25 Hz. Lung lysates were then 

centrifuged at 20,000 x g and the supernatants were used for a luciferase assay. 

Briefly, 10 µL of lysed lung supernatant were added to 90 µL PBS onto a black 96-well 

plate with white wells. Luciferase activity was analyzed on a Centro LB 960 XS3 

automated luminometer. For this, 10 µL 1 µg/mL coelenterazine was automatically 

added to each well and luminescence was measured 10 s later. Luciferase values from 

non-infected animals were used to determine the limit of detection.  

7.16 Organ processing for histology and image acquisition 

Left lung lobes were collected and fixed overnight in 2% PFA with 30% sucrose. The 

lungs were subsequently washed twice with PBS and incubated for 30 min in O.C.T. 

embedding compound. Up to 7 lungs were then placed on a cryomold, frozen on dry 

ice and stored at -20° C until further processing. Sections of 7 to 20 µm were made on 

a cryostat and stored overnight in the dark at room temperature. Slides were either 

immediately process or stored at -20° C for further processing. Next, slides were 
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hydrated in TBS-T and placed on a slide rack with a disposable immunostaining slide. 

Tissues were blocked with TBS-T containing 5% rat serum for 30 min at room 

temperature. Next, 200 µL antibody cocktails in TBS-T were added per slide an 

incubated for 1h at room temperature. Nuclei were then stained with DAPI for 1 min 

and the tissue was washed three times with TBS-T. Then, slides were allowed to dry 

and slides were mounted with Mowiol Mounting Media. Slides were stored at 4° C and 

measured within the next two days. Images were acquired with either a ZEISS 

Axioscan 7 Microscope Slide Scanner or a Leica TCS SP8 confocal microscope. 

Images were processed with ZEN 2.6 or LAS AF Lite 4.0. 

7.17 Quantification of histology data 

NIFs were identified by accumulation of CD45+ cells and/or accumulation of DAPI-

stained nuclei. NIF sizes were calculated using the processing software. Infected cells 

were identified based on their mCherry expression in combination with a single 

nucleus. OT-I and OT-II cells were identified based on their expression of eCFP or 

eGFP, respectively, in combination with a single nucleus. Cells and NIFs were counted 

manually.  

7.18 Flow cytometry and cell sorting 

Flow cytometry is a powerful technique that allows for the analysis of protein 

expression at the single-cell level. This method can measure thousands of cells per 

second, offering high-throughput and multiparametric results. As cells pass through 

laser beams, they scatter light and emit fluorescence. The forward-scattered light 

(FSC) and side-scattered light (SSC) are measured when a cell passes a laser beam, 

and their values inform cell size (FSC) and cellular granularity or internal complexity 

(SSC). Flow cytometers can also detect fluorescence, making it possible to label cells 

with fluorescently tagged antibodies that bind to specific cellular markers. The 

expression level of target molecules is then associated with the intensity of the 

fluorescence signal, enabling comparison of protein expression levels between 

different cell types. 

After generation of single cell suspensions cell surface stainings were performed in 

combination with Fc receptor blocking. For this, 100 µL FACS buffer containing 5% 

normal rat serum were added to the cell suspensions with the according concentration 

of each antibody. The cells were incubated for 15 min in the dark on ice, centrifuged 
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for 5 min at 500 x g and the cell pellet was resuspended in FACS buffer. For 

intracellular stainings, cells were centrifuged for 5 min at 500 x g, resuspended in 2% 

fixation solution and incubated for 30 min in the dark on ice. Next, cells were washed 

twice with Permeabilization Buffer with 5 min centrifugations at 500 x g. Next, cells 

were incubated with Permeablization buffer containing 5% normal rat serum and the 

according concentration of the antibodies. Cells were then washed two more times with 

Permeabilization Buffer with 5 min centrifugations at 500 x g. In some cases, cells were 

fixed overnight in 2% PFA. Before measurement, cells were washed once with FACS 

Buffer and resuspended in the same buffer. Samples were measured either on a BD 

FACSCanto, a BD FACS LSRFortessa, a BD FACSymphony A1, or a BD 

FACSymphony A3. For cell sorting, cells were stained as described above. Cells were 

then sorted on a BD FACSAria Fusion with a 100 µm nozzle.  

Stainings of samples from the HCMV study were performed by Romy Hackbusch. 

Briefly, antibodies were previously titrated and an antibody cocktails with the according 

antibody concentrations was prepared (Table 3). Cell surfaces were stained by adding 

50 µL antibody cocktail to 50 µL whole blood. Samples were incubated for 10 min in 

the dark at room temperature. Live/dead stainings were added to the according tubes 

and samples were additionally incubated for 20 min in the dark at room temperature. 

Then, 1 mL erythrocyte lysis buffer was added and the samples were incubated for 10 

min in the dark at room temperature. Cell suspensions were incubated for 5 min at 500 

x g and supernatants were discarded. Samples were then washed twice with PBS and 

resuspended with 1 mL FACS Buffer until measurement.  

7.18.1 Gating strategy for primary placenta cells 

 

Figure 36. Gating strategy for primary placenta cells. Cell debris was gated out based on low forward 

and side scatter area (FSC-A and SSC-A, respectively) pulse values (left panel). Single cells were 

selected based on FSC-A and forward scatter height (FSC-H) values (middle panel). Next, live/dead- 

cells were selected as living cells. The live/dead threshold was set based on unstained primary placenta 

cells. Relative to Figures 5 and 8. 
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7.18.2 Gating strategy for tetramer-labeled blood T cells 

 

Figure 37. Gating strategy for tetramer-labeled blood cells. Major leukocyte populations were gated 

based on FSC-A and SSC-A. From these, single cells were gated based on FSC-A and FSC-H values. 

T cells (CD3+) were then selected and subsequently separated into CD4 and CD8 T cells. Non-naïve 

populations of both CD4 and CD8 T cell populations were selected based on the lack of CD62L 

expression. Out of these gated cells, pMHC-I and pMHC-II tetramer signals were then evaluated on 

effector (CD44+) CD4 and CD8 T cell subpopulations. Relative to Figures 8 and 9.  
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7.18.3 Gating strategy for adoptively transferred eGFP+ T cells 

 

Figure 38. Gating strategy for adoptively transferred lung T cells. Major cell populations were gated 

based on FSC-A and SSC-A. From these, single cells were gated based on FSC-A and FSC-H values. 

Adoptively transferred (eGFP+) T cells were then selected and further separated into CD4 and CD8 

subsets. The frequency of pMHC-I tetramer+ cells was only evaluated on CD8+ T cells. Relative to 

Figure 11.  
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7.18.4 Gating strategy for lymph node OT-I and OT-II T cells 

 

Figure 39. Gating strategy for adoptively transferred OT-I and OT-II T cells in lymph nodes. Major 

lymphocyte populations were gated based on FSC-A and SSC-A values and single cells were gated 

with FSC-A and FSC-H. CD4+ cells were subsequently gated and OT-II T cells were gated based on 

expression of TCRv2 and eGFP. Additionally, CD8+ cells were gated and OT-I cells were selected as 

TCRv2+eCFP+ cells. Expression of CD44 and loss of eFluor 670 proliferation dye were analyzed for 

both OT-I and OT-II cells. Relative to Figure 13. 

7.19 Cytokine multiplex assay 

Organ supernatants were prepared by Silvia Tödter. Lungs were collected after 

perfusion with PBS, weighed, and lysed with a TissueLyser II in 200 µL PBS. 

Supernatants were frozen at -80° C until further processing. Supernatants were thawed 

on ice and processed with a custom-made LEGENDplex panel targeting IFN-α, IFN-β, 

IFN-γ, IL-10, IL-12p70, IL-15, IL-18, IL-1β, IL-2, IL-27, IL-33, IL-6, IL-7 and TGF-β1 

(free active) according to the manufacturer’s instructions. In short, 25 µL of sample or 

standard were added to 25 µL Assay Buffer and 25 µL Detection Antibodies on a 96-
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well V-bottom plate. The plate was placed on a plate shaker for 2h at room temperature 

while shaking at 600 rpm. Next, 25 µL SA-PE was added to each tube and the plate 

was further shaken for 30 min at room temperature. The plate was centrifuged at 1,000 

x g for 5 min and the supernatants were discarded. Next, 200 µL Wash Buffer was 

added to each well and the plate was shaken for 1 min. The plate was then centrifuged 

for 5 min at 1,000 x g and 200 µL Wash Buffer was added. The samples were then 

measured on a BD FACSCanto.   
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Table 3. Flow cytometry panels used for phenotyping of peripheral blood cells from HCMV-exposed neonates. 

Fluorophore 

(channel) 

Peripheral blood 

subsets 

Effector T cells CD4 differentiation Invariant T cells Tregs B cells NK cells 

Brilliant Violet 421 CD56 CD95 CRTH2 CD25 CD25 CD20 CD56 

Brilliant Violet 500 CD45 CD8 CD3 CD3 CD3 CD45 live/dead 

Brilliant Violet 605 CD16 - CD161 CD161 CD8 - - 

Brilliant Violet 650 CD3 CD127 CD127 CD27 CD127 - CD3 

Brilliant Violet 711 CD14 HLA-DR CD45RA CCR7 HLA-DR CD10 - 

Brilliant Violet 785 HLA-DR CD3 CD25 CD45RO - CD19 NKG2D 

FITC - CD57 CXCR3 V1+V9 - CD38 CD69 

PerCP-Cy5.5 CD15 - CCR6 CCR6 CCR4 CD24 - 

PE CD127 CD25 TCR CD8 CD73 sIgD CD107a 

PE-Texas Red CD11c CD45RA CXCR5 CD4 CD45RA CD5 CD57 

PE-Cy7 CD123 CD28 CCR4 TCR CD39 CD43 NKG2A 

APC CD141 CCR7 CCR10 V7.2+V2 - CD21 NKG2C 

Alexa Fluor 700 CD20 CD38 CD4 CD8 CD4  CD14 

APC-Cy7 CD1c CD4 - CD69 CD31 CD27 CD16 

FITC, fluorescein isothiocyanate; PerCP-Cy5.5, Peridinin-chlorophyll-protein complex-Cyanine5.5; PE, R-phycoerythrin; APC, 

allophycocyanin;  
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7.20 Single cell and single nuclei RNA sequencing analyses 

The single nuclei RNA sequencing dataset (GSE152248)178 was reanalyzed with R 

using the Seurat package (v4.2.0)303. The cell subsets were annotated according to 

the original report. Only placentas isolated from gestational day 12.5 were considered 

for the analysis. 

Data analysis of the single-cell RNA sequencing was performed by Sanamjeet Virdi 

using the Seurat package (v4.2.0)303. All analyses, plots, and tables were generated in 

R version 4.1.15 319 with ggplot2 version 3.3.6 302. 

7.21 Interferon-γ release assay 

Peptide pools containing overlapping 15-mer sequences spanning the entirety of the 

SARS-CoV-2 nucleocapsid (PepTivator SARS-CoV-2 Prot_N) and predicted 

immunodominant sequence domains of the SARS-CoV-2 spike (PepTivator SARS-

CoV-2 Prot_S), HCMV IE1 (PepTivator CMV IE-1), and pp65 (PepTivator CMV pp65) 

proteins were used to stimulate peripheral blood T cells. Following blood collection, 

heparinized whole blood (800μL) was incubated with (i) PBS), (ii) a combination of 

phorbol-12-myristate-13-acetate (PMA, 50 ng/mL) and ionomycin (positive control, 500 

ng/mL), (iii) SARS-CoV-2 peptides (1 µg/mL), or (iv) a mix of HCMV IE1 and HCMV 

pp65 peptides (0.5 µg/mL each) for 24 hours at 37°C. The concentration of IFN- in 

the supernatants was quantified by Kathrin Cermann and Anthea Spier with 

supervision of Dr. Marc Lütgehetmann using a chemiluminescence immunoassay 

(QuantiFERON) on a LIAISON XL analyzer (DiaSorin) as per the manufacturer's 

recommendations. In the study assessing CMI at the feto-maternal interface, 400 µL 

whole blood was stimulated with the same concentrations and the supernatants were 

diluted 1:2 with PBS before analysis. Optimal thresholds were selected by calculating 

the maximum Youden index (J) with the formula: 

𝐽௫ = max௧(sensitivity(𝑡) + specificity (𝑡) − 1) 

where t represents the threshold value for which J is maximal. 
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7.22 Statistical analysis 

Statistical analyses were performed with GraphPad Prism versions 8, 9, and 10. 

Dimensionality reduction of the IGRA dataset was performed with R (version 4.2.1)319 

using the Rtsne package (version 0.16)305,306. 

7.23 Clinical cohorts 

In the human CMV cohort pregnant women with an HCMV infection were enrolled by 

Dr. Anna Perez. All participants signed an informed consent form and the study was 

approved by the Hamburg Chamber of Medical Practitioners. Positive HCMV status 

was confirmed by PCR from urine and serology testing. Peripheral blood was collected 

from the newborns within the first three days of life, with the exception of one sample 

that was collected after 12 days. CMV status was assessed through PCR from urine 

samples collected within the first day.  

For evaluating the performance of the IGRA study participants were recruited from the 

16th of November 2020 to the 28th of April 2021 as previously described198,199. In this 

period seroprevalence for SARS-CoV-2 was reported to be 4% in Hamburg142. 

Individuals with a positive PCR test for SARS-CoV-2 at least 2 months prior to 

recruitment were enrolled. Negative controls were participants of the Hamburg City 

Health Study (HCHS) with no history of positive PCR for SARS-CoV-2. All participants 

were examined through the HCHS program with a questionnaire to assess severity at 

time of infection and long COVID-19 symptoms. Additionally, blood was drawn for the 

different analyses. All participants provided written informed consent. The recruitment 

of participants was approved by the State of Hamburg Chamber of Medical 

Practitioners under the license number PV5131 and the study was conducted in 

compliance with the Declaration of Helsinki. 

For assessment of T cell responses at the feto-maternal interface, study subjects with 

a SARS-CoV-2 infection during pregnancy were recruited after signing informed 

consent. This study was approved by the Hamburg Chamber of Medical Practitioners 

under the license number PV7312 and recruitment was done by Ann-Christin Tallarek 

under the supervision of Dr. Anke Diemert and Prof. Dr. Petra Arck. SARS-CoV-2 

status was confirmed by qPCR.  
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9.2 List of abbreviations 

ACE2 - Angiotensin-Converting Enzyme 2 

AF - Alexa Fluor 

APC (fluorophore) - Allophycocyanin  

APC - Antigen Presenting Cell  

AUC - Area Under the Curve  

Bach2 - BTB and CNC Homology 1, Basic Leucine Zipper Transcription Factor 2 

BLIMP1 - B-Lymphocyte-Induced Maturation Protein 1  

BV - Brilliant Violet 

CCL - C-C Motif Chemokine Ligand  

CCR - C-C Chemokine Receptor 

CD - Cluster of Differentiation 

CDR3 - Complementarity-Determining Region 3  

con - Conventional  

COVID-19 - Coronavirus Disease 2019 

CX3CR - C-X3-C Motif Chemokine Receptor 

CXCR - C-X-C Motif Chemokine Receptor 3 

cCMV - Congenital Cytomegalovirus  

cDC1 - Conventional Type 1 Dendritic Cell  

CMI - Cell-Mediated Immunity  

CM - Central Memory 

CMV - Cytomegalovirus  

DAPI - 4',6-Diamidino-2-Phenylindole  

DMEM - Dulbecco's Modified Eagle Medium 

DMEM/F12 - Dulbecco's Modified Eagle Medium/Ham's F-12 Mixture 

DN - Double-Negative  

DAP12 - DNAX Activating Protein of 12kDa 

DC - Dendritic Cell 

dpi - Days post-infection  

E - Early  

EDTA - Ethylenediaminetetraacetic Acid  

eCFP - Enhanced Cyan Fluorescent Protein 
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eGFP - enhanced Green Fluorescent Protein 

ELISA - Enzyme-Linked Immunosorbent Assay  

ELISpot - Enzyme-Linked Immunospot Assay  

EM - Effector Memory  

Eomes - Eomesodermin  

E- - Early  

FACS - Fluorescence-Activated Cell Sorting 

FCS - Fetal Calf Serum  

FcR - Fc Receptor 

FITC - Fluorescein Isothiocyanate 

Foxo1 - Forkhead Box O1  

Foxp3 - Forkhead Box P3  

FSC - Forward Scatter  

gpCMV - Guinea Pig Cytomegalovirus  

GZM - Granzyme  

GVHD - Graft-Versus-Host Disease  

HCMV - Human Cytomegalovirus  

HIV - Human Immunodeficiency Virus  

ICAM-1 - Intercellular Adhesion Molecule-1 I 

ID-1 - Inhibitor of DNA Binding-1 

IGRA - Interferon-Gamma Release Assay  

IFN - Interferon  

Ifit - Interferon-Induced Protein with Tetratricopeptide Repeats 

Ifnar1- Interferon Receptor Alpha Chain  

IgE - Immunoglobulin E  

IgG - Immunoglobulin G 

IgM - Immunoglobulin M  

IL - Interleukin  

Il2ra - Interleukin-2 Receptor Alpha Chain  

kbp - Kilobase Pairs  

KLRG1 - Killer Cell Lectin-Like Receptor Subfamily G, Member 1  

L - Late  
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Lef1 - Lymphoid Enhancer-Binding Factor 1 

LCMV - Lymphocytic Choriomeningitis Virus  

MACS - Magnetic-Activated Cell Sorting  

MAIT - Mucosa-Associated Invariant T  

MCK2 - MCMV Chemokine 2  

MdFI - Median Fluorescence Intensity  

MHC - Major Histocompatibility Complex  

MCMV - Murine Cytomegalovirus  

Mtb - Mycobacterium tuberculosis 

MOI - Multiplicity of Infection 

NIF - Nodular Inflammatory Foci 

NKG2C - Natural Killer Group 2C 

NK - Natural Killer  

NRP1 - Neuropilin-1  

NRP2 - Neuropilin-2  

NC - Nucleocapsid  

ORF - Open Reading Frame 

PBS - Phosphate Buffered Saline  

PC - Principal Component  

PDGFR-α - Platelet-Derived Growth Factor Receptor-Alpha  

PE - Phycoerythrin  

PFA - Paraformaldehyde  

PFU - Plaque-Forming Units  

pMHC - Peptide-Major Histocompatibility Complex  

PND - Post-Natal Day 

PRF - Perforin  

Prdm1 - PR Domain Zinc Finger Protein 1 (BLIMP1) 

RBD - Receptor Binding Domain  

RhCMV - Rhesus Macaque Cytomegalovirus  

RLU - Relative Light Units  

RT-PCR - Real-Time Polymerase Chain Reaction  

SARS-CoV-2 - Severe Acute Respiratory Syndrome Coronavirus 2  
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Sell - L-Selectin (CD62L)  

S1pr5 - Sphingosine-1-Phosphate Receptor 5  

SNHL - Sensorineural Hearing Loss  

SM9-1 - Mouse Placental Trophoblast Cell Line  

SSC - Side Scatter  

Tcf7 - Transcription Factor 7  

TCR - T Cell Receptor  

TEMRA - Terminally Differentiated Effector Memory T Cells 

Th - T helper  

Tbx21 - T-Box Transcription Factor 21 (T-BET)  

TGF-β - Transforming Growth Factor Beta  

TNF-α - Tumor Necrosis Factor-Alpha  

TORCH - Toxoplasma, Others, Rubella, Cytomegalovirus, and Herpes Simplex  

t-SNE - t-distributed stochastic neighbor embedding 

UMAP - Uniform Manifold Approximation and Projection  

UL - Unique Long  

VEGF - Vascular Endothelial Growth Factor  

ZEB - Zinc-Finger E-Box Binding Homeobox 
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9.3 List of hazardous substances 

substance GHS symbol hazard 
statements 

precautionary 
statements 

2-mercaptoethanol 

 

H317, H361, H402 P261, P201, P273, P280, 
P272, P202 

ammonium chloride 

 

H302, H319 P264. P280, 
P301+P330+P331, 
P305+P351+P338, P312 

ethanol 

 

H319 P210. P264, P280, 
P303+P361+P353, 
P305+P351+P338, 
P337+P313 

staphylococcal 
enterotoxin b 

 

H300+H310+H330, 
H315, H319, H335 

P262, P264, P280, 
P302+P352+P310, 
P304+P340+P310, 
P305+P351+P338 

phorbol- 12-myristate 
13-acetate 

 

H301+H310+H330, 
H314, H317, 
H333+H304, H340, 
H352, H351 

P202, P260, P280, 
P303+P361+P353, 
P304+P340+P310, 
P305+P351+P338 

hydrochloric acid 

 

H314, H335 P280, P303+P361+P353, 
P304+P340, 
P305+P351+P338, P310 

isopropanol 

 

H319, H336 P210, P240, P261, P280, 
P305 + P351 + P338 

methanol 

 

H301 + H311 + 
H331, H370 

P210, P240, P280, P301 
+ P310, P302 + P350, 
P304 + P340 

parafomaldehyde 

 

H228, H302 + 
H332, H315, H317, 
H318, H335, H341, 
H350 

P210, P280, P301 + 
P312, P304 + P340 + 
P312, P305 + P351 + 
P338, P308 + P313 

penicillin/streptomycin 

 

H317, H361 P201, P202, P261, P272, 
P280 

4′,6-diamidino-2-
phenylindole 

 

H315, H317, H335 P261, P264, P271, P272, 
P280, P302 + P352 
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