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Abstract 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains a major global health 

challenge. While HIV (human immunodeficiency virus) coinfection has long been known to 

influence TB progression, recent observations suggest that human cytomegalovirus (HCMV) might 

also affect disease outcomes. However, the nature of this interaction has remained largely unclear. 

In this study, a C57BL/6 mouse model was used to explore how murine CMV (MCMV) coinfection 

shapes the course of Mtb infection, focusing on disease progression, inflammatory responses, lung 

pathology, and immune cell infiltration.  

When MCMV infection preceded an Mtb challenge, mice showed improved disease tolerance and 

reduced mortality, without changes in bacterial load. Coinfected animals exhibited increased levels 

of selected inflammatory mediators (including IL-1α, IL-1β, TNF, IFN-γ, CXCL9, CXCL10, and CCL2) 

and a lung immune environment characterized by fewer lymphocytes and a tendency towards 

increased macrophage presence. No signs of viral reactivation were observed during coinfection. 

However, when MCMV infection occurred after Mtb infection had become established and chronic, 

disease progression deteriorated, despite stable pathogen loads. This was not accompanied by 

major changes in cytokine levels but was associated with earlier onset of symptoms.  

At the cellular level in vitro analyzes indicated that macrophages coinfected with Mtb after MCMV 

infection were earlier responsive in producing TNF and showed a lower bacterial burden compared 

to macrophages infected with Mtb alone.  

The findings suggest that the timing of MCMV infection in a coinfection with Mtb plays a critical 

role and emphasize the importance of considering the phase of viral infection when interpreting 

immune dynamics. Further research is needed to explore the molecular mechanisms by which 

different phases of CMV infection influence the progression to active TB disease, with the aim of 

applying this knowledge to future disease management strategies. 
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Zusammenfassung 

Tuberkulose (TB), verursacht durch Mycobacterium tuberculosis (Mtb), stellt nach wie vor eine 

große Herausforderung für das globale Gesundheitssystem dar. Während das Humane 

Immundefizienz-Virus (HIV) seit langem als bedeutendster Risikofaktor für die Entwicklung einer TB 

gilt, weisen neuere Studien darauf hin, dass auch das Humane Zytomegalievirus (HCMV) den 

Krankheitsverlauf beeinflussen könnte. Die genaue Natur dieser Wechselwirkung ist bislang jedoch 

weitgehend ungeklärt. 

In dieser Studie wurde ein C57BL/6-Mausmodell eingesetzt, um zu untersuchen, wie eine 

Koinfektion mit murinem Zytomegalievirus (MCMV) den Verlauf einer Mycobacterium tuberculosis 

(Mtb)-Infektion beeinflusst. Der Fokus lag auf dem allgemeinen Krankheitsverlauf, der Keimlast, der 

Entzündungsreaktion, der pulmonalen Pathologie sowie der Infiltration von Immunzellen in die 

Lunge. Bei Mäusen mit einer MCMV-Infektion vor der Mtb-Infektion zeigte sich ein insgesamt 

günstigerer Krankheitsverlauf und eine reduzierte Sterblichkeit – ohne signifikante Veränderungen 

in der Kontrolle der Mtb-Keimlast. Koinfizierte Tiere wiesen erhöhte Spiegel ausgewählter 

Entzündungsmediatoren auf, darunter IL-1α, IL-1β, TNF, IFN-γ, CXCL9, CXCL10 und CCL2. Zudem 

kam es zu einer veränderten Immunzellzusammensetzung in der Lunge mit einer Abnahme von 

Lymphozyten und einer Zunahme von Makrophagen. Hinweise auf eine Reaktivierung des MCMV 

während der latenten Infektion wurden nicht festgestellt. Im Gegensatz dazu führte eine akute 

MCMV-Infektion während einer bestehenden Mtb-Infektion zu einem verschlechterten 

Krankheitsverlauf – trotz stabiler Keimlast. Diese Verschlechterung war weniger mit Veränderungen 

im Zytokinprofil, sondern vielmehr mit einem früheren Auftreten klinischer Symptome assoziiert. 

In-vitro-Analysen zeigten, dass Makrophagen, die vor der Infektion mit Mtb durch MCMV infiziert 

worden waren, eine frühere TNF-Produktion aufwiesen und eine geringere bakterielle Keimlast 

zeigten als Makrophagen, die nur mit Mtb infiziert waren.  

Die Ergebnisse legen nahe, dass der Zeitpunkt der MCMV-Infektion in einer Koinfektion mit Mtb 

eine entscheidende Rolle spielt und bei der Interpretation immunologischer Abläufe unbedingt 

berücksichtigt werden muss. Zukünftige Studien sind erforderlich, um die molekularen 

Mechanismen zu verstehen, durch die unterschiedliche Stadien einer CMV-Infektion den Verlauf 

hin zur aktiven Tuberkulose beeinflussen können – mit dem langfristigen Ziel, darauf basierende 

Behandlungsstrategien zu entwickeln. 
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1 Introduction 

1.1 Tuberculosis 

Tuberculosis (TB) remains one of the most significant infectious diseases globally and is the world’s 

leading cause of death from a single infectious agent. The World Health Organization (WHO) 

estimated that 10.8 million people developed TB in 2023, resulting in approximately 1.25 million 

deaths—nearly twice as many as those caused by HIV (human immunodeficiency virus)  (1). In 2023, 

over half of global TB cases were reported from five countries, such as India, where the incidence 

rate (Figure 1) was 195 per 100,000 inhabitants—in contrast to 4.8 per 100,000 in low-burden 

countries like Germany (1–3). 

 

Figure 1: World map showing the estimated TB incidence rates in 2023.  (1). 

TB is a chronic infectious disease primarily affecting the lungs, although it can disseminate to other 

organs (4). It manifests in various forms, ranging from latent infection to active disease (5). The 

most common form is pulmonary TB, which presents with symptoms such as chronic cough and 

haemoptysis (6). A less common form of TB is extrapulmonary disease, which affects 15–20% of all 

TB cases  (7). Extrapulmonary TB (EPTB) can affect lymph nodes (50%), the pleura (18%), the central 

nervous system (CNS) (3%), the genitourinary system (13%), bones, and joints (6%) (8,9). The 

causative agent of TB is Mycobacterium tuberculosis (Mtb), a slow-growing, aerobic, and non-motile 

bacillus of the genus Mycobacterium, characterized by its unique, lipid-rich cell wall, which contains 

large amounts of mycolic acids (10,11). This complex cell wall determines the specific properties of 

Mtb such as its long generation time (18-24 hours), its high resistance to desiccation and many 
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disinfectants, contributing to its virulence and persistence in the environment (12). The organism 

is also acid-fast, retaining the primary stain when subjected to acid-alcohol decolorization, a 

property that is used in the Ziehl-Neelsen staining method for diagnostic purposes (13,14). On 

March 24, 1882, German physician and microbiologist Robert Koch identified Mycobacterium 

tuberculosis as the causative agent of TB—a groundbreaking discovery that revolutionized the field 

of bacteriology and infectious diseases (15,16). Mtb belongs to the Mycobacterium tuberculosis 

complex (MTBC), a group of genetically related mycobacterial species that can cause TB (17). Other 

notable members of this complex include Mycobacterium bovis and Mycobacterium africanum (18). 

These species differ in their host specificity and geographic distribution (19). For instance, M. bovis 

primarily infects cattle but can also cause zoonotic infections in humans, while M. africanum is 

predominantly found in West Africa (20,21). 

In the fight against TB, vaccination is arguably the most important tool for prevention and disease 

management. The Bacillus Calmette-Guérin (BCG) vaccine, developed in the early 20th century, is 

the only licensed TB vaccine but provides limited protection against pulmonary TB in adults (22–

24). This has driven research into novel vaccines, including protein subunit, viral vector-based, and 

live attenuated vaccines, some of which show promise in clinical trials, each aiming to enhance 

immune responses and offer broader protection across different age groups (25–28). Developing 

an effective TB vaccine remains a significant challenge due to the complexity of the pathogen and 

the need for robust, long-lasting immunity. Despite more than a century of advances—including 

the discovery of the causative agent, the development of the BCG vaccine, and the introduction of 

effective antibiotics—TB remains a major public health concern. The WHO has set the ambitious 

goal of eliminating TB as a public health threat by 2050, but achieving this will require sustained 

global commitment and new scientific breakthroughs (1). At the same time, the rise of multidrug-

resistant (MDR) and extensively drug-resistant (XDR) TB poses an additional global health threat 

(29). MDR-TB is resistant to the first-line drugs isoniazid and rifampicin, while XDR-TB shows 

additional resistance to any fluoroquinolone and at least one Group A drug (e.g., bedaquiline or 

linezolid) (30,31). These resistant strains arise from incomplete treatment, making TB more difficult 

and expensive to treat (32–34). While drug-resistant TB does not directly impede vaccine 

development, an effective vaccine could lower TB incidence and help limit the spread of resistant 

strains. The growing challenge of multidrug resistance underscores the need for better diagnostics, 

innovative treatments, and robust public health measures (35). 

A major challenge in global TB management is the estimated reservoir of approximately 1.7 to 2.3 

billion individuals who are likely to be latently infected with tuberculosis (LTBI) (36). According to 
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the WHO, LTBI is characterized by a persistent immune response that controls Mtb infection, 

without clinical manifestations or dissemination of the bacteria (37). These individuals carry a 

lifetime risk of reactivation, which occurs in about 5–15% of those with latent TB infection, leading 

to active TB disease, which is symptomatic and transmissible (38,39). This transition from latent to 

active TB contributes to the ongoing transmission of the disease and complicates efforts to control 

and ultimately eliminate TB globally (40). Therefore, in addition to the development of more 

effective antibiotics, it is essential to identify the risk factors that drive disease progression in order 

to reduce the global TB burden and to prevent future outbreaks (41). To fully appreciate the 

challenges in TB control, it is essential to understand the biology of the pathogen and the host 

immune response. 

1.1.1 Tuberculosis pathogenesis 

Mtb infection (Figure 2) begins with the inhalation of airborne droplets from individuals with active 

pulmonary TB (42,43). The lung is both the primary entry site and the main site of disease 

manifestation (44). Once in the alveoli, Mtb bacilli are phagocytosed by alveolar macrophages (AM) 

(45,46). AMs migrate into the lung interstitium, triggering a proinflammatory response that induces 

the production of cytokines and chemokines, which recruit mononuclear cells from nearby blood 

vessels (46–49). Neutrophils and monocytes arrive first, phagocytose bacteria, and amplify the 

inflammatory response. Dendritic cells (DC), which are superior antigen presenting cells (APCs) 

transport Mtb to lung-draining lymph nodes (dLN), where they present bacterial antigens to 

lymphocytes, initiating adaptive immunity (50). Activated T and B cells return to the lungs, 

contributing to bacterial containment (51,52).  
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Figure 2: Granuloma Formation and Progression in TB. During early TB infection, inhaled Mtb bacilli are 
phagocytosed by alveolar macrophages, triggering inflammation and recruiting monocytes and 
macrophages. These differentiate into specialized cells, forming a solid granuloma surrounded by a 
lymphocytic cuff of B and T cells. While granulomas often contain Mtb, disease progression leads to 
necrosis, caseum accumulation, and cavitation. In advanced stages, granulomas collapse, releasing Mtb 
into the airways and promoting transmission. (Adapted from (53)). 

The recruitment of immune cells remodels the site of infection into a cellular mass, called the 

tubercle or early granuloma (46,54). The granuloma (Figure 3), a hallmark of TB, consists of infected 

macrophages surrounded by foamy macrophages and lymphocytes, all enclosed by a fibrous cuff 

(55). As it matures, the granuloma stabilizes, limiting bacterial spread during latent infection (56). 

In this containment phase, the host does not show overt signs of disease and does not transmit the 

bacilli to others. Over time, vascularization decreases, and necrosis may develop at the center (57). 

In progressive cases, caseation occurs, leading to granuloma breakdown and bacterial release into 

the airways, enabling transmission via coughing or sneezing (58). 
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Figure 3: Fundamental structure of a TB granuloma. A granuloma is a compact immunological structure 
primarily composed of macrophages at its core. These macrophages can undergo specialized 
differentiation, giving rise to epithelioid cells, multinucleated giant cells, and foamy macrophages, the 
latter being characterized by their accumulation of lipid droplets. Surrounding the core, a dense 
lymphocytic cuff, predominantly composed of B and T cells, defines the granuloma’s periphery. In 
addition to these key cell types, neutrophils, dendritic cells, natural killer cells, and fibroblasts contribute 
to the granuloma’s structural and immunological dynamics. (Adapted from (53)). 

Granulomas play a dual role in tuberculosis pathogenesis: while they localize infection and limit 

tissue damage through immune cell containment, they simultaneously shield Mtb from host 

defenses and antibiotics, creating protected niches for bacterial persistence. Within the granuloma, 

Mtb can persist for years in a dormant state, with the potential to reactivate. 

1.1.2 Immune response to Mycobacterium tuberculosis infection  

The immune response to Mtb infection is complex and involves both the innate and adaptive 

immune systems. Most individuals develop an apparently adequate immune response following 

infection with Mtb, but this response is insufficient to completely eliminate the bacteria (59). 

Instead, a clinically asymptomatic latent infection develops, during which the immune system 

controls the bacteria in their dormant state. If the host's immune status changes, the bacteria can 

be reactivated (60,61). After transmission of aerosol droplets containing Mtb bacilli from an 

infected person to a healthy person, AMs are the first cells to come into contact with the bacteria, 

as they reside in the alveolar space (50). Epithelial cells also interact with Mtb, contributing to the 

initial immune response (62). After binding via toll-like receptors (TLR) and scavenger receptors, 

AMs phagocytose Mtb, serving as a permissive niche for infection establishment (60). Mtb resides 

in a compartment called phagosome, which usually undergoes maturation and fusion with multiple 

lysosomes, allowing degradation of the pathogen by the lysosomal digestive enzymes (63,64). 

However, Mtb has developed strategies to block phagosome maturation, such as manipulating the 
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recruitment of Ras-related in brain GTPases (Rab GTPases), which control intracellular trafficking 

within mammalian cells (65,66). As a result, Mtb remains in an early phagosome which does not 

recruit the vacuolar proton ATPase, responsible for phagosomal acidification (67,68). Moreover, 

Mtb is able to induce phagosomal rupture at later stages of infection, which is facilitated by the 

type VII secretion system ESX-1. This system includes the proteins early secreted antigenic target 6 

kDa protein (ESAT-6) and culture filtrate protein-10 kDa (CFP-10), two immunodominant antigens 

and major virulence factors of Mtb (69–71). Phagosome membrane disruption enables the 

translocation of Mtb into the nutrient-rich cytosol, allowing the bacteria to further replicate and 

survive within the macrophage (72).  

The internalization of the bacilli stimulates AMs to migrate into the lung interstitium. The 

recognition of pathogen-associated molecular patterns (PAMPs) by TLRs activates the translocation 

of nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) to the nucleus, resulting 

in the production of various proinflammatory cytokines such as tumor necrosis factor (TNF), 

interleukin-1β (IL-1β), and IL-6, which help AMs recruit other cells, such as monocytes, to the site 

of infection (45,73–77). DCs also play a critical role in Mtb infection by activating the adaptive 

immune system and producing IL-1 and IL-6, further recruiting immune cells to the site of infection 

(78). DCs phagocytose Mtb and migrate to the dLNs, where they process mycobacterial antigens 

and present them on their surface via the major histocompatibility complex-II (MHC) to naive CD4+ 

T cells (79). They also upregulate costimulatory molecules (e.g., CD80, CD86) and secrete cytokines 

such as IL-12, which are crucial for the differentiation of naive T cells into T helper 1 (Th1) cells  (80). 

Activated Th1 cells then produce cytokines like interferon-γ (IFN), IL-2 and TNF, which in turn 

activate infected macrophages (81). IFN-γ enhances the macrophage's ability to control Mtb by 

overcoming the inhibition of phagosome maturation, increasing phagosome-lysosome fusion, 

boosting the production of reactive nitrogen intermediates (RNI) and reactive oxygen intermediates 

(ROI), and stimulating the secretion of IL-6 and TNF (81,82). Further, TNF not only supports the 

activation of macrophages but also promotes granuloma formation and the recruitment of 

additional immune cells to the site of infection (83). Mtb antigens can also be presented via MHC-I 

pathways, leading to the activation of cytotoxic CD8+ T cells, which can directly kill infected cells 

and stimulate the secretion of IFN-γ, thereby contributing to macrophage activation (84,85). 

Additionally, natural killer (NK) cells and natural killer T (NKT) cells contribute to the immune 

response by producing IFN-γ and other cytokines (86). Regulatory T cells (Tregs) help modulate this 

response by preventing excessive inflammation, though they may also facilitate Mtb persistence by 
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dampening the immune response (87). Memory T cells provide a rapid response upon re-exposure 

to Mtb, playing a crucial role in long-term immunity (88,89). 

1.1.3 Risk factors 

Identifying and understanding the risk factors that promote progression from latent to active TB is 

essential for elucidating the mechanisms underlying TB pathogenesis (90). Environmental and 

socioeconomic factors that impair immune function are key risk factors for LTBI reactivation. Recent 

studies have shown that substance abuse—such as alcohol consumption and smoking—can 

increase the risk of developing active TB by two- to threefold (90). Additionally, poor living 

conditions, overcrowding, and limited healthcare access further exacerbate susceptibility. Notably, 

air pollution, rapid urbanization, and malnutrition—especially severe undernutrition—can increase 

the risk by up to fourfold (90–92). Beyond environmental and socioeconomic influences, underlying 

chronic diseases such as type 2 diabetes and immunosuppression play a pivotal role in the 

progression from LTBI to active TB (1,93). Accordingly, anti-TNF therapy has highlighted the crucial 

role of TNF in immune defense against Mtb, as it increases the risk of developing active TB and 

necessitates testing for latent TB infection before treatment initiation (94–97). The most significant 

risk factor for TB is HIV coinfection, which severely compromises the immune system. People living 

with HIV (PLHIV) are 18 times more likely to develop active TB compared to HIV-negative individuals 

(98). HIV infection progressively depletes CD4+ lymphocytes, weakening the immune system and 

increasing susceptibility to opportunistic infections. If left untreated, this immune deterioration can 

lead to acquired immunodeficiency syndrome (AIDS). As a result, HIV infection impairs the host’s 

ability to control Mtb, significantly increasing the risk of LTBI progression to active TB (99). While 

additional, yet unidentified, risk factors may exist, viral coinfections beyond HIV —such as human 

cytomegalovirus (HCMV)—have been implicated in TB pathogenesis, with epidemiological evidence 

supporting an association between HCMV and TB disease progression (100–102). 

1.2 Human Cytomegalovirus 

HCMV is a ubiquitous herpesvirus with seroprevalence rates approaching 100% in Africa and Asia 

and around 80% in Europe and North America (103–105). Geographic variations in seroprevalence 

are largely influenced by socioeconomic factors, as well as age, race, sex, and ethnicity (105,106). 

In Germany, a low seroprevalence country, between 2009 and 2018, approximately 56.5% of the 

adults tested HCMV seropositive (107–109). Transmission occurs mainly via mucosal contact, but 

can also result from blood transfusions or organ transplantation (110). Primary infection involves 

an acute viremic phase, characterized by active viral replication and shedding in body fluids 
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(111,112). Following the establishment of a robust immune response, the virus enters a latent 

phase, during which viral replication is inactive but the risk of lifelong reactivation persists, 

particularly if the immune system is compromised (113,114). HCMV can be transmitted vertically 

during pregnancy, either through primary infection or reactivation in the mother, potentially 

leading to congenital infection in the fetus. Affecting 0.15–2% of all live births, HCMV is the most 

common cause of congenital infection worldwide (115–119). In utero HCMV infection can have life-

long consequences, including birth defects and developmental disabilities (120–122). Most primary 

HCMV infections are asymptomatic, so individuals are often unaware of their infection. However, 

in some cases, healthy individuals may experience mild flu-like symptoms, such as fever or swollen 

glands (123). Individuals at risk of developing clinical manifestations of HCMV include fetuses, 

neonates, the elderly, and people with weakened immunity, such as those receiving 

immunosuppressive therapy. In these individuals, primary HCMV infection or reactivation can cause 

severe disease, with the highest mortality observed in hematopoietic stem cell transplant (HSCT) 

and solid organ transplant (SOT) recipients  (124–126). 

HCMV, also known as human herpesvirus 5, belongs to the Herpesviridae family (113). Other 

notable members of this family include Epstein-Barr virus, Kaposi’s sarcoma virus and herpes 

simplex virus types 1 and 2, all of which can infect humans (127,128). Among known herpesviruses, 

CMV reveals the strictest species specificity with HCMV exclusively infecting humans, rhesus 

cytomegalovirus (RhCMV) restricted to nonhuman primates and murine cytomegalovirus (MCMV) 

specific to mice (129). Herpesviruses are enveloped, linear double-stranded DNA viruses, with 

HCMV having the largest genome (about 236 kb) among them (130,131). The first description of 

HCMV dates back to 1881, when abnormally large cells with a central nuclear body surrounded by 

a clear halo were observed (132). Initially misclassified as a protozoan infection, these cells were 

later identified as a hallmark of HCMV infection. German scientists subsequently detected similar 

abnormal cells in lesions of herpes-infected patients, leading to the realization that these 

morphological changes resulted from a viral infection, later confirmed to be HCMV (133,134). A 

common method for determining whether an individual has been previously infected with CMV is 

serological testing for CMV-specific antibodies, particularly IgG, in the blood. This serological status, 

known as seropositivity, indicates a past infection and the development of immunity, providing 

essential information for assessing the risk of primary infection in seronegative individuals (135). 

Currently, no approved vaccine exists for HCMV, although several candidates are in clinical 

development (136). Among them, messenger ribonucleic acid (mRNA) 1674-, a prophylactic vaccine 

candidate, is currently in Phase 3 clinical evaluation until 2026, targeting women of childbearing 
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age to prevent primary HCMV infection and reduce the risk of congenital transmission (137). While 

vaccines remain under investigation, antiviral drugs such as Ganciclovir-which inhibits viral DNA 

polymerase and replication-are widely used, particularly in organ and stem cell transplant patients 

(138–140). Valganciclovir, a prodrug of Ganciclovir, is employed for long-term prophylaxis 

(136,141). Despite available treatments, HCMV remains a significant clinical challenge, especially in 

immunocompromised individuals. The emergence of multidrug-resistant (MDR) strains, driven by 

prolonged antiviral use, further complicates treatment, as Ganciclovir-resistant variants harbor 

mutations in the viral DNA polymerase, reducing drug efficacy (142,143). The development of an 

effective HCMV vaccine is hindered by the virus’s immune evasion mechanisms, its capacity for 

latent infection, and individual variability in immune responses. Nonetheless, ongoing research 

continues to explore novel vaccine strategies to address these challenges. 

1.2.1 Human Cytomegalovirus pathogenesis 

For a long time, it was debated whether HCMV entry primarily occurs via the oral route; however, 

recent evidence suggests that nasal entry is the more prominent pathway into the host (144). HCMV 

exhibits a broad tropism, infecting a wide range of cell types, including endothelial cells, epithelial 

cells, smooth muscle cells, fibroblasts, leukocytes, and DCs (145). This broad tropism facilitates viral 

transmission and pathogenesis within the human host (146). Following primary infection, HCMV 

establishes latency in myeloid progenitor cells in the bone marrow, ensuring lifelong viral 

persistence in the host (147,148). The lytic replication cycle (Figure 4) consists of four distinct 

phases: viral entry, DNA replication, assembly and maturation, and viral release (149). HCMV gains 

entry into host cells via glycoproteins on the viral envelope, which interact with specific host 

receptors, facilitating membrane fusion or endocytosis (150). Simultaneously, tegument proteins—

primarily phosphoprotein (pp) 65 and pp71—are released into the cytoplasm, where they are 

targeted to distinct subcellular compartments. These proteins suppress early immune responses, 

enhance viral replication, and contribute to immune evasion (151). Once inside the cell, viral 

tegument proteins, which are tightly bound to the capsid, interact with host microtubules to 

transport viral capsids to the nuclear envelope. Here, the viral DNA is injected into the nucleus, 

initiating transcription, genome replication, and encapsidation (152). HCMV gene expression 

follows a sequential cascade, beginning with immediate early (IE) genes, which play a crucial role in 

initiating the viral replication cycle and modulating host cell functions to favor viral survival (153). 

Next, early (E) genes, primarily involved in metabolism and immune evasion, encode proteins 

essential for viral DNA replication (154).  Viral DNA replication begins at the end of early gene 

expression. The expression of late (L) genes is dependent on successful viral DNA replication. Once 
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sufficient viral genomes have been synthesized, late genes are expressed, encoding structural 

proteins necessary for virion assembly and maturation within the nucleus (149). Following nuclear 

egress, nucleocapsids are transported to the cytoplasm, where they acquire their tegument and 

secondary envelope derived from the endoplasmic reticulum (ER), Golgi apparatus, and endosomal 

machinery (155–157). After approximately 72 hours, mature infectious virions—along with non-

infectious particles known as dense bodies—are transported via secretory vesicles and released 

from the infected cell through exocytosis, enabling viral spread to neighboring cells (155,158).  

 

Figure 4: CMV replication cycle. (A) Infectious particles enter the host cell by binding specific receptors, 
delivering the capsid and tegument proteins into the cytoplasm. (B) The capsid is transported to the 
nucleus, where it releases and circularizes the viral genome. Tegument proteins modulate host 
responses and initiate the sequential expression of viral genes, starting with IE genes, followed by DE 
genes that drive genome replication, and finally L genes. (C) Late gene expression promotes capsid 
assembly in the nucleus, after which capsids enter the cytoplasm and associate with tegument proteins. 
They are then transported to the viral assembly complex (AC)-a network involving the ER, Golgi, and 
endosomal machinery-where they acquire additional tegument proteins and an envelope via budding 
into vesicles. (D) Finally, fully enveloped virions and non-infectious dense bodies are released from the 
cell. (Adapted from (159)). 

1.2.2 Immune response to HCMV infection  

HCMV is primarily transmitted through contact with infectious body fluids and initially invades 

epithelial cells of mucous membranes, particularly in the respiratory tract. The innate immune 

response is the first line of defense, recognizing viral PAMPs via pattern recognition receptors 

(PRRs), such as TLR-2, which detects HCMV glycoproteins and triggers NF-κB signaling, leading to 

the production of pro-inflammatory cytokines, mainly type I and type III IFNs (160–162). This 

response attracts immune cells-including macrophages, DCs, monocytes, neutrophils, and T cells-
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to the infection site. Notably, during the perinatal period, when adaptive immunity is immature, 

innate immunity plays a dominant role in controlling the virus (163). A key component of HCMV 

immune sensing is the cyclic GMP-AMP synthase (cGAS)–stimulator of interferon genes (STING) 

pathway, which detects viral double-stranded (ds) DNA and leads to the activation of IRF3 and the 

induction of an antiviral state (161,164). However, HCMV employs mechanisms to evade this 

response, thereby allowing persistent infection. Nodular inflammatory foci (nIF), granuloma-like 

clusters of macrophages, DCs, and lymphocytes, develop in infected tissues such as the lungs, liver, 

and CNS, aiding viral containment but also contributing to tissue damage and fibrosis in chronic 

infections (165–167). NK cells play a crucial role by recognizing and killing infected cells, producing 

IFN-γ, granzymes, and perforin, and linking innate and adaptive immunity. Their cytokine 

production further supports T cell activation (168–170). Once primary infection is established, APCs 

process viral antigens and stimulate adaptive immunity, which is essential for controlling HCMV 

before the virus enters latency (149,171). The adaptive response is driven by HCMV-specific CD4+ 

and CD8+ T cells, with CD8+ cytotoxic T cells eliminating infected cells and CD4+ helper T cells 

supporting B cell-mediated antibody production (172,173). Antibodies targeting key viral envelope 

glycoproteins (gB, gH, gL) and non-structural proteins (IE1) contribute to viral control (174). HCMV 

elicits an unusually large memory T cell response, with HCMV-specific CD8+ memory T cells 

constituting up to 30% of the total CD8+ T cell pool in seropositive individuals, comparable to HIV-

specific T cell responses in active infection (174,175). These cells maintain viral surveillance and 

prevent symptomatic reactivation in immunocompetent hosts. However, despite this strong 

immune response, HCMV is never fully eradicated and can reactivate under conditions of 

immunosuppression or advanced age (176,177). 

1.3 Mycobacterium tuberculosis-HCMV coinfection  

Epidemiological evidence indicates an association between HCMV and TB disease progression 

(101). This hypothesis is supported by studies demonstrating that HCMV prevalence is higher 

among TB patients compared to healthy controls, with greater HCMV exposure being associated 

with active TB disease and, according to some studies, with reduced antimycobacterial antibody 

levels (178–180). Moreover, subclinical or prior HCMV infection has been linked to an increased risk 

of TB in infants (181). 

Both HCMV and Mtb are highly prevalent, particularly in low socioeconomic settings, and share key 

characteristics, such as targeting macrophages and dendritic cells, which are essential for immune 

defense and disease pathogenesis (78,105,182–184). Both pathogens employ immune evasion 

strategies—HCMV modulates immune cells and suppresses cellular immunity, while Mtb inhibits 
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macrophage activity and delays apoptosis (185). A notable parallel exists in the age distribution of 

disease progression for both pathogens. TB and HCMV infections peak during early childhood, 

decline during adolescence, and rise again in young adulthood, suggesting a period of heightened 

susceptibility (186). Both pathogens induce chronic inflammatory responses, which can exacerbate 

tissue damage and influence disease outcomes (167,187). Mtb cannot be fully cleared and remains 

latent in the host, capable of reactivation under specific conditions (60,188). Similarly, HCMV 

persists lifelong, with chronic antigenic exposure driving a prolonged expansion of HCMV-specific 

CD8+ T cells—a phenomenon known as memory inflation—which can compromise immune 

responses against other infections, including Mtb (189,190). HCMV also dysregulates myeloid and 

T cell function, not only by suppressing antiviral immunity but also by creating an immune 

environment conducive to secondary infections (189,190).  

One mechanism by which HCMV alters immunity is the latency-associated continuous production 

of IL-10, which has broad immunosuppressive effects (190,191). Beyond indirect IL-10-mediated 

suppression, HCMV directly impairs dendritic cell function and inhibits interferon-stimulated gene 

expression in macrophages, weakening antimicrobial defense (192,193). Given the central role of 

macrophages in TB immunopathogenesis, these disruptions may have severe consequences for 

Mtb containment (194,195). The lung serves as a reservoir for HCMV infection in both humans and 

mice and is a key site for viral reactivation (126,196–198).  Pro-inflammatory cytokines such as TNF 

and IL-1β, which are rapidly upregulated in response to Mtb infection, have been implicated in 

triggering HCMV reactivation (199). Consequently, elevated HCMV antibody levels observed in TB 

patients may indicate viral reactivation rather than being a primary cause of Mtb replication. 

Given the emerging evidence suggesting that HCMV coinfection may modulate immune responses 

during TB infection, further investigation is warranted to clarify its precise role in TB pathogenesis, 

as a direct causal relationship has yet to be proven. Since HCMV infection induces profound changes 

in immune cell populations crucial for Mtb control, and considering the emerging epidemiological 

link between HCMV seropositivity and TB, it is hypothesized that HCMV infection may contribute 

to TB disease progression. This hypothesis is increasingly supported by recent cohort studies and 

experimental data, although further research is needed to establish causality. 

1.3.1 Mouse model 

Understanding how MCMV coinfection influences TB disease progression necessitates a well-

characterized and reproducible animal model. Different mouse strains respond uniquely to Mtb 

and MCMV, making the choice of an appropriate model critical for studying TB-CMV coinfection.  
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Animal models play a crucial role in understanding the progression of TB and the immune 

mechanisms involved in controlling Mtb infection. While no single model can fully replicate human 

TB, mouse models have been essential for studying key aspects of the disease. These models 

replicate essential features of human TB, including immune responses, and bacterial growth 

following aerosol infection in mice reflects the dynamics of infection progression observed in 

individual human TB cases (200,201). 

Different mouse strains exhibit varying degrees of susceptibility to TB, largely due to their distinct 

genetic backgrounds. Based on survival, C57BL/6 and BALB/c mice are considered resistant, 

whereas C3HeB/FeJ, DBA/2, and 129/Sv mice are considered more susceptible (202). In both mice 

and humans, the lungs are the primary site of infection. However, a key distinction between the 

species lies in the dynamics of bacterial burden and disease progression (203). In humans, only 5–

10% of infected individuals develop active TB, whereas in mice, Mtb infection typically leads to a 

chronic disease state characterized by slow bacterial growth and immune-mediated tissue damage, 

ultimately resulting in death (204,205). Consequently, latency, as observed in humans, does not 

occur in mice. Instead, mice tolerate a relatively high bacterial load in the lungs and other organs 

throughout infection; however, this bacterial load remains consistently high during the stationary 

phase and does not decrease (206). Beyond bacterial burden, further differences exist in the lung 

pathology of TB between humans and mice. Mice generally do not develop the highly stratified 

granulomas observed in humans in response to Mtb infection, nor do they exhibit necrosis and 

caseation, which are key factors in bacillary transmission (46,205). However, the extent of 

granuloma formation and other pathological features can vary depending on the mouse strain used 

(207). In humans, the adaptive immune response typically becomes active 5–6 weeks after Mtb 

infection, whereas in resistant mouse strains, bacterial growth is halted through adaptive immunity 

as early as day 12 (208,209). Nevertheless, despite these differences, the mouse model replicates 

many essential characteristics of TB found in humans. For example, studies using gene-deleted mice 

indicated that IFN-γ and IL-12p40 are essential for controlling Mtb infection in mice, which 

correlates with observations in humans (210–212). Although the mouse model does not perfectly 

replicate human responses to mycobacterial infection, it provides a living, breathing vertebrate lung 

model on a small scale, allowing for a large number of experiments with defined outcomes. 

Additionally, the mouse serves as a manipulable tool that reflects the complexity of the vertebrate 

immune response to Mtb, enabling detailed experimentation to isolate the critical components 

involved in both protection and pathogenesis (213). These models remain essential for preclinical 

research (214,215). 
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Cytomegaloviruses are highly species-specific, meaning that HCMV does not infect animals (216). 

However, murine cytomegalovirus (MCMV) serves as a well-established model for studying HCMV 

infection in mice, as it closely replicates key aspects of the human virus, including acute infection, 

latency, reactivation, and the expansion of memory T cells (217–219). Like HCMV, MCMV severity 

increases under immunosuppression, and both viruses respond to antiviral treatments such as 

ganciclovir (220,221). This makes MCMV an indispensable tool for investigating virus-host 

interactions and for developing therapeutic strategies. Among inbred mouse strains, BALB/c and 

C57BL/6 are commonly used to study MCMV pathogenesis (222) and these strains exhibit distinct 

immune responses to the virus. BALB/c mice are highly susceptible to MCMV infection, relying 

primarily on CD8+ T cells for immune defense (220,223). Therefore, BALB/c mice are used as a model 

for viral pathogenesis and immunology (222). In contrast, C57BL/6 mice are naturally resistant due 

to their robust NK cell response, which is mediated by the Ly49H receptor recognizing the viral 

glycoprotein m157 on infected cells. This makes them a useful model to investigate NK cell-

mediated control of MCMV (224–226). The absence of Ly49H in BALB/c mice renders them more 

vulnerable to infection, whereas the presence of this receptor in C57BL/6 mice allows them to 

efficiently control MCMV replication (222,227–229). However, this resistance can be overcome by 

using a modified virus strain, Δm157 MCMV, which lacks the ability to engage Ly49H (230). This 

prevents NK cells from recognizing infected cells, enabling productive viral infection even in 

otherwise resistant C57BL/6 mice. 

Given these characteristics, the C57BL/6 strain provides a valuable platform for establishing a TB-

CMV coinfection model. This strain is widely used in TB research due to its well-defined immune 

response, particularly its ability to control Mtb replication through T cell-mediated immunity. Using 

Δm157 MCMV in C57BL/6 mice, enables to study the effects of MCMV infection on TB disease 

progression in a controlled and reproducible manner. This approach allows the investigation of how 

chronic viral infection influences immune responses during TB, providing critical insights into 

coinfection dynamics and potential implications for human disease. 
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1.4 Objectives 

Epidemiological evidence suggests a synergistic interaction between Mtb and HCMV, as coinfection 

is associated with worse disease progression in patients. While clinical observations are compelling, 

the immunological mechanisms underlying this interaction remain poorly understood. Current 

knowledge is largely derived from observational human cohort studies, which lack the resolution 

to mechanistically dissect how HCMV influences Mtb infection across different disease stages.  

To address this gap, the present study investigates the outcome of Mtb infection during different 

phases of MCMV infection in C57BL/6 mice, with a focus on disease progression, inflammatory 

responses, lung tissue pathology, and immune cell infiltration. 

The C57BL/6 mouse model is well established for investigating both TB and CMV infections, as it 

closely reflects key aspects of human immune responses. Using this model, the study addresses the 

following questions: 

• Does acute or latent MCMV infection alter TB disease progression? 

While viral infections are known to influence TB outcomes, the specific impact of MCMV coinfection 

at different stages of viral infection remains unclear. Determining whether acute or latent MCMV 

infection exacerbates TB could provide critical insights into the timing and nature of immunological 

changes. 

• Does Mtb infection trigger MCMV reactivation? 

Viral reactivation during coinfections has been documented in other models, but whether Mtb-

driven inflammation directly induces CMV reactivation—and thereby amplifies 

immunosuppression—remains unclear. 

• How does MCMV coinfection affect immune cell migration during Mtb infection? 

HCMV modulates T and B cell subsets, dendritic cell activity, and myeloid cell function, but its 

impact on antimycobacterial immunity in a coinfection context is poorly understood. This question 

aims to dissect how MCMV reshapes immune cell infiltration during Mtb infection. 
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2 Material  

2.1 Cells 

Name Description Reference 

10.1 Spontaneously immortalized 

murine embryonal 

fibroblasts isolated from 

BALB/c mice 

(231) 

Bone marrow-derived 

macrophages (BMDMs) 

Primary bone marrow-

derived macrophages 

isolated from female 

C57BL/6 mice 

Research Center Borstel 

 

M2-10B4 Murine bone marrow 

stromal cells 

ATCC (CRL-1972) 

L929 Murine fibroblast cell line Research Center Borstel 

 

2.2 Viruses 

Name Description Reference 

MCMV WT 

(Murine Cytomegalovirus  

wild type) 

MCMV Smith strain pSM3fr-

MCK-2fl 

(232) 

MCMV Δm157 MCMV Smith strain pSM3fr 

MCK-2fl with deletion of 

m157 as described in (230) 

This work 
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2.3 Plasmids 

Name Description Reference 

pcDNA IE1 Quantitative polymerase 

chain reaction (qPCR) 

standard used for IE1 

quantification 

LIV 

pcDNA Actin qPCR standard used for 

Actin quantification 

LIV 

MCMV BAC HA-m117 (ZEO) Template BAC for en 

passant mutagenesis, 

containing Zeocin resistance 

 

(233) 

From LIV (unpublished) 

 

2.4 Bacteria 

Name Description Reference 

E. coli GS1783  DH10BlcI857Δ(cro-

bioA)<>araC-PBADI-sceI 

Growth at 30°C 

(233) 

 

2.5 Primers 

Name Sequence Description 

IE1_fw ACTAGATGAGCGTGCCGCAT Quantification of IE1 

and Actin gene 

expression in qPCR 

 

IE1_rv TCCCCAGGCAATGAACAATC 

β-Actin_fw AGAGGGAAATCGTGCGTGAC 

β-Actin_rv CAATAGTGATGACCTGGCCGT 
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MCMV delta 

m157_zeo_fw 

CGTGGTCAAGCCGGTCGTGTTGTAC 

CAGAACTCGACTTCGGTCGCGTTCAT 

GTTGACAATTAATCATCGGCAT 

Deletion of m157 

from MCMV 

MCMV delta 

m157_zeo_rv 

CCTAGTAAAATTACTCTTGATTGTGTT 

TATCTCGGAACGTGCTGTAACAATCA 

GTCCTGCTCCTCGGCCA 

Seq-dm157 zeo_fw  CATCCCAAGGACGAAGTCAC Sequencing m157 region 

Seq-dm157 zeo_rv      TAGAGGATAATGATACAACC 

 

2.6 Antibodies 

Antigen Application Fluorophore Clone Isotype Dilution Reference 

Mouse    

CD4 

Lymphocyte 

depletion 

 

- YTS 191 Rat IgG2b κ - Bio X Cell 

Mouse  

CD8α 

- YTS 169.4 Rat IgG2b κ - Bio X Cell 

Mouse 

NK1.1 

- PK136 Mouse 

IgG2a, κ 

- Bio X Cell 

Mouse 

CD8 

Check for 

Lymphocyte 

depletion 

FITC 53-6.7 Rat IgG2a κ 1:400 Biolegend 

Mouse 

NK1.1 

BV421 PK136 Mouse 

IgG2a, κ 

1:100 Biolegend 

Mouse    

CD4 

PE-Cy7 GK1.5 Rat IgG2a κ 1:640 Biolegend 

Mouse CD3 PE 17A2 Rat IgG2a κ 1:1200 Biolegend 
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Mouse 

CD45 

APC-Cy7 30-F11 Rat IgG2a κ 1:1500 Biolegend 

Mouse 

CD16/CD32 

- 93 Rat IgG2a λ 1:100 Biolegend 

Mtb  Mpt64 mIF 

 

Opal 690 Polyclonal Rabbit IgG 1:1000 Cusabio 

Mouse   

CD68 

Opal 520 Polyclonal Rabbit IgG 1:250 Abcam 

Mouse    

CD3 

Opal 570 SP7 Rabbit IgG 1:200 Zytomed 

Mouse   

CD19 

Opal 780 EPR23174-

145 

Rabbit         

IgG 

1:200 Abcam 

 

2.7 Chemicals and reagents 

2.7.1 Antibiotics 

Name Application Final concentration Reference 

Chloramphenicol Selection of bacteria 15 μg/mL Carl Roth GmbH & 

Co. KG 

Streptomycin Cell culture 

supplement 

100 μg/mL PAA 

Zeocin Selection of bacteria 50 μg/mL Thermo Fisher 

Scientific Inc. 

 

2.7.2 Enzymes 

Name Reference 

Fast Digest restriction enzymes and buffer Thermo Fisher Scientific Inc. 
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PowerTrack™ SYBR Green Master Mix 

(Including Taq Polymerase) 

Thermo Fisher Scientific Inc. 

PRECISOR DNA polymerase and buffer BioCat 

RNAse A Thermo Fisher Scientific Inc. 

 

2.7.3 Molecular mass standards 

Name  Reference 

GeneRuler™ DNA Ladder Mix Thermo Fisher Scientific Inc. 

 

2.7.4 Other reagents and chemicals  

Substance Company 

Acetic acid Carl Roth GmbH & Co. KG 

Albumin bovine fraction V, protease-free (BSA) SERVA Electrophoresis GmbH 

Aqua B. Braun B.Braun 

Aqua destillata (dH2O) Water purification system for deionized water 

at the Research Center Borstel 

BBL Seven H11 agar base Becton Dickinson GmbH 

Boric acid Sigma Aldrich 

Calcium acetate Carl Roth GmbH & Co. KG 

Chloroform Carl Roth GmbH & Co. KG 

Dimethylsulfoxid (DMSO) Carl Roth GmbH & Co. KG 
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Dulbecco's Modified Eagle Medium (DMEM) 

w: 4.5 g/L Glucose, w/o: L-Glutamine, w: 

Sodium pyruvate, w: 3.7 g/L NaHCO3 

PANTM-Biotech GmbH 

Dulbecco´s Phosphate Buffered Saline (PBS) 

w/o Calcium & Magnesium 

PANTM-Biotech GmbH 

EDTA-free Protease Inhibitor Cocktail Sigma Aldrich 

Eosin Merck KGaA 

Ethanol (EtOH) Merck KGaA 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH & Co. KG 

Fetal calf serum (FCS) Biochrom AG 

Glycerol Carl Roth GmbH & Co. KG 

Guanidin-thiocyanat Sigma Aldrich 

2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) 

Sigma Aldrich 

Hematoxylin Merck KGaA 

Hydrochloric acid 37% (HCL) Carl Roth GmbH & Co. KG 

H2O2 Carl Roth GmbH & Co. KG 

Isopropanol Carl Roth GmbH &T Co. KG 

Potassium chloride (KCl) Sigma-Aldrich 

Ketamine Ketamidor® WDT 

Potassium bicarbonate (KHCO3) Sigma-Aldrich 

L929 cell culture supernatant produced in-house (filtered) 
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L-Glutamine (200 mM) PANTM-Biotech GmbH 

Minimum Essential Medium (MEM) (10 x), no 

glutamine 

Thermo Fisher Scientific Inc. 

Methanol (MeOH) Carl Roth GmbH & Co. KG 

Methylcellulose viscosity: 4,000 cP, 2.5% in 

water (20 °C) 

Merck KGaA 

Middlebrook 7H11 agar Difco/BD Bioscience 

Sodium chloride (NaCl) Carl Roth GmbH & Co. KG 

Ethylenedinitrilotetraacetic acid disodium salt 

dihydrate (Na2EDTA) 

Sigma Aldrich 

Sodium bicarbonate (NaHCO3) Sigma Aldrich 

Sodium azide (NaN3) Merck KGaA 

Sodium hydroxide (NaOH) Carl Roth GmbH & Co. KG 

Oleic Albumin Dextrose Catalase (OADC) Sigma-Aldrich 

Paraformaldehyde (PFA) Carl Roth GmbH & Co. KG 

Penicillin-Streptomycin, Solution stabilized, 

with 10,000 units penicillin and 10 mg 

streptomycin/mL, 0.1 μm filtered 

Merck KGaA 

Propidium Iodide Solution Miltenyi Biotec 

Sodium citrate Sigma-Aldrich 

Sodium Hydrogencarbonate (NaHCO3) Carl Roth GmbH & Co. KG 

Sodium pyruvate Thermo Fisher Scientific Inc. 
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Sucrose Carl Roth GmbH & Co. KG 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. KG 

TRI Reagent Zymo Research 

Tris(hydroxymethyl)aminomethane (TRIS) Carl Roth GmbH & Co. KG 

TRIzol LS Reagent® Thermo Fisher Scientific Inc. 

Trichloromethane Carl Roth GmbH & Co. KG 

Triton X-100 Carl Roth GmbH & Co. KG 

Trypan blue, 10 g Carl Roth GmbH & Co. KG 

Trypsin 0,25%/ EDTA 0,02% Merck KGaA 

Tween 20 Sigma-Aldrich 

Tween 80 Sigma-Aldrich 

Xylazin Xylavet® WDT 

Xylene WALTER CMP GmbH & Co. KG 

 

2.8 Medium 

2.8.1 Cell Culture media 

Cells Component 

BMDM (Culture medium) 65% (v/v) DMEM 

10% (v/v) FCS (heat-inactivated) 

20% (v/v) L929 cell culture supernatant 

(filtered) 

5% (v/v) Horse serum 
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2 mM L-Glutamine 

1 mM Sodium pyruvate 

10 mM HEPES in DMEM 

BMDM (Freezing medium) 70% BMDM medium  

20% (v/v) FCS (heat-inactivated) 

10% (v/v) DMSO in BMDM medium 

M2-10B4/10.1 (Culture medium) 88% DMEM 

10% (v/v) FCS (heat-inactivated) 

1% (v/v) Penicillin/streptomycin (100×) 

1% (v/v) L-Glutamine 

M2-10B4 (for Plaque Assay) 95% DMEM 

3% (v/v) FCS (heat-inactivated) 

1% (v/v) L-Glutamine 

1% (v/v) Penicillin/streptomycin (100×) 

 

2.8.2 Methylcellulose overlay 

Component Amount 

10×MEM 40 mL 

FCS (heat-inactivated) 16 mL 

L-Glutamine (200 mM) 5 mL 

Methylcellulose 2% (m/v) 360 mL 
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NaHCO3 (1M) 15 mL 

Penicillin/streptomycin (100×) 4 mL 

 

2.8.3 Bacteria Media 

Name Component 

7H11 agar medium  1.9% (w/v) 7H11 agar 

0.5% (v/v) Glycerin 

10% (v/v) Bovine serum in dH2O 

Mtb H37Rv grow medium Middlebrook 7H9 broth 

10% v/v OADC 

0.2% (v/v) Glycerin  

0,05% (v/v) Tween 80   

 

2.9 Buffers 

Name Components pH 

4% Paraformaldehyde (PFA) 4% (w/v) PFA in 1 x PBS - 

50 × TAE buffer 

(Used 1× for pouring agarose 

gel and running buffer) 

2M Tris-HCl 8.0 

50 mM EDTA 8.0 

5.7% (v/v) acetic acid - 

Back extraction buffer (BEB) 4 M Guanidine Thiocyanate - 

50 mM Sodium Citrate - 
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1 M Tris, fill up to 250 mL 

with dH20 

- 

Cell lysis buffer 0.5% (v/v) Triton X-100 in 

ddH2O 

- 

Decolorizer solution 92,3% EtOH (v/v) - 

4,7% (v/v) MeOH - 

3% (v/v) HCl - 

Fluorescence-activated cell 

sorting (FACS) buffer 

3% (v/v) FCS (heat-

inactivated) 

- 

0.1% (w/v) NaN3 - 

2 mM EDTA in 1 x PBS - 

Fc blocking buffer 1% (v/v) Rat serum - 

1% (v/v) Mouse serum - 

1% (v/v) Hamster serum - 

1% (v/v) Anti-CD16/32 in 

FACS-buffer 

- 

S1 Buffer 50 mM Tris-HCl 8.0 

100 μg/mL RNAse A 

10 mM EDTA 

S2 Buffer 200 mM NaOH - 

1% (v/v) SDS - 

S3 Buffer 2.8 M calcium acetate 5.2 
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Tris-borate-EDTA (TBE) 

electrophoresis buffer (10×) 

(Used 0.5 × for pouring 

agarose gel and running 

buffer) 

1M Tris-HCl - 

0.02 M EDTA - 

1 M boric acid - 

Tris-buffered saline with 

Tween20 (TBST) 

50 mM Tris 7.6 

0.05% Tween-20 

Tris-EDTA (TE) buffer 10 mM Tris-HCl 8.0 

1 mM EDTA - 

Tris-HCl 10 mM Tris 8.0 

Trypan blue solution 1:10 of 0.5% stock solution in 

1 x PBS 

- 

VSB-Sucrose 

 

50 mM (v/v) TrisHCl - 

12 mM (v/v) KCl - 

5 mM (v/v) Na2EDTA - 

15% (w/v) Sucrose - 

Wash buffer 0.05% Tween 20 in 1 x PBS - 

Wilkins-Chalgren Anaerobic 

(WTA) buffer 

1% (w/v) BSA - 

1% (v/v) Tween 80 in dH2O - 

1% (v/v) Tween 80 in dH2O  

 



Material 

28 

 

2.10 Kits 

Name Reference 

innuPREP DNA mini kit Analytik Jena 

LEGENDplex™ Mouse Inflammation Panel Biolegend 

LEGENDplex™ Mouse Proinflammatory 

Chemokine Panel 

Biolegend 

NucleoSpin Gel and PCR Clean-up Kit Macherey-Nagel 

NucleoBond Xtra Midi Kit Macherey-Nagel 

Opal 3-Plex Anti-Rb Manual Detection Kit Akoya Biosciences 

PolyFect Transfection Reagent Qiagen 

 

2.10.1 Consumables 

Material Company 

BD DiscarditTM II Syringes 5 mL, 10 mL, 20 mL Becton Dickinson GmbH 

BD PlastipakTM Syringe 1 mL Becton Dickinson GmbH 

BD Microlance 3 (23G, 0,6 x 10 mm; 26G, 0,45 

x 10 mm) 

Becton Dickinson GmbH 

Biosphere® Safe Seal Tube 1.5 mL Sarstedt AG & Co. KG 

Biosphere® plus DNA-, DNase, RNase-free fil- 

ter tips (200 µL, 20 L, 10 µL) 

Sarstedt AG & Co. KG 

Bottles, PC Widemouth 250ML (PKG - 6) Beckman Coulter Life Sciences 

Corning® 25 cm2 rectangular canted neck TC-

treated culture flask with Plug Seal cap 

Corning Inc. 



Material 

29 

 

Costar® 6-well Cell Culture Plates Corning Inc. 

Costar® 24-well Cell Culture Plates Corning Inc. 

Costar® 48-well Cell Culture Plates Corning Inc. 

Costar® 96-well Cell Culture Plates (flat 

bottom,round bottom) 

Corning Inc. 

Deep Well MegaBlock®, 2.2 mL, PP Sarstedt AG & Co. KG 

Dissection utensils Hammer 

Electroporation Cuvettes, 0.2 cm Bio-Rad 

Ethidium bromide (Etbr) Thermo Fisher Scientific Inc. 

Gloves, nitrile, powder free Ansell 

Measuring cylinder Vitlab 

MicroAmp™ Optical 96-Well Reaction Plate Applied Biosystems 

MicroAmp™ optical adhesive film Applied Biosystems 

Microtome Leica SM 2000 R Leica Biosystems 

Screw cap micro tube, 2 mL Sarstedt AG & Co. KG 

Parafilm® Bemis Company, Inc. 

Petri dish, 92 x 16 mm, transparent, with cams Sarstedt AG & Co. KG 

Petri dish, 35 x 10 mm, transparent, with 

venting cams 

Sarstedt AG & Co. KG 

Tissue culture dish, (ØxH): 150 x 20 mm, 

surface: Standard 

Sarstedt AG & Co. KG 
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Pipette tips (10 µL, 200 µL, 1000 µL) Sarstedt AG & Co. KG 

Rotilabo® glass rods Carl Roth GmbH & Co. KG 

Rubber policeman, 7×25 mm Glaswarenfabrik Karl Hecht GmbH & Co. KG 

Rubber policeman, 35×25×32 mm Glaswarenfabrik Karl Hecht GmbH & Co. KG 

Reaction tube, 1.5 mL & 2 mL, PP Sarstedt AG & Co. KG 

Sarstedt Screw cab tube, 15 mL, PP with 

conical base, sterile 

Sarstedt AG & Co. KG 

Sarstedt Screw cab tube, 50 mL, PP with 

conical base, sterile 

Sarstedt AG & Co. KG 

Schülke mikrozid® Schülke & Mayr GmbH 

Stericup Quick Release 500 mL Merck KGaA 

Sterican blunt cannula 27G 25 x 0.40mm Braun 

StripetteTM Serological Pipets 1 mL, 5 mL, 

10 mL, 25 mL 

Corning Inc. 

Syringe filter, Filtropur S plus, pore size 0.2 µm Sarstedt AG & Co. KG 

Tissue culture dish, 100 x 20 mm Sarstedt AG & Co. KG 

 

2.10.2 Instruments 

Equipment Company 

-20 °C Comfort freezer Liebherr-Hausgeräte GmbH 

-80 °C HERA FREEZE HFU 400 BV Thermo Fisher Scientific Inc. 

Aerosol cages Marine & Industrie Technik 
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Beckman Optima L-70 Ultracentrifuge Beckman Coulter Life Sciences 

Biometra T3000 thermal cycler Analytik Jena 

Cell Counting Chamber Neubauer improved, 

depth 0.1 mm, 0.0025 mm2 

Paul Marienfeld GmbH & Co KG 

Eppendorf Centrifuge 5415 R Eppendorf SE 

Eppendorf Multipette Stream Eppendorf SE 

FastPrep-24TM 5G MP Biomedicals 

Finnpipette™ (20 µL, 100 µL, 200 µL, 1000 µL) Thermo Fisher Scientific Inc. 

Fridge Liebherr-Hausgeräte GmbH 

Fridge Robert Bosch GmbH 

Gene Pulser XCell BioRad 

Grant bio-PMS 1000 microplate shaker Keison Products 

Heraeus Multifuge X1R Centrifuge Thermo Fisher Scientific Inc. 

Heraeus Pico 17 Centrifuge Thermo Fisher Scientific Inc. 

Incubator BD 53 Binder GmbH 

Incubator Heratherm Thermo Fisher Scientific Inc. 

Light microscope Olympus BX41 Olympus 

MACSQuant® Analyzer 10 flow cytometer Miltenyi Biotec B.V. & Co. KG 

MSC-Advantage™ Class II Biological Safety 

Cabinets 

Thermo Fisher Scientific Inc. 

Multi-channel Transferpette® S -8 (200 µL) Brand GmbH + Co KG 
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NanoDropTM 1000 Thermo Fisher Scientific Inc. 

Nikon A1+ confocal laser scanning microscope Nikon 

Nikon Eclipse Ti Nikon 

Nikon Eclipse TS100 Nikon 

Pipetus Hirschmann Laborgeräte GmbH & Co. KG 

QuantStudio™ 3 Real-Time PCR system Thermo Fisher Scientific Inc. 

Sorvall RC 6 Plus Superspeed-centrifuge Thermo Fisher Scientific Inc. 

Sterile Working Bench Safe 2020 Thermo Fisher Scientific Inc. 

Sunrise Reader TECAN Sunrise™ 

TC20 automated cell counter Bio-Rad 

TCTM Automated cell counter Bio-Rad 

Thermomixer comfort 5355 Eppendorf SE 

Tissue Stainer TST 44 C Medite 

Vortexer IKA MS 3 basic IKA-Werke GmbH & CO. KG 

Water Bath Aqualine AL 5 Lauda Dr. R. Wobserr Gm bH & Co. KG 

 

2.10.3 Sera 

Serum Company 

Bovine Serum (heat-inactivated) BIOWEST SAS 

FCS (heat-inactivated) Biochrom AG 

Mouse Serum PANTM-Biotech GmbH 



Material 

33 

 

Rat Serum PANTM-Biotech GmbH 

Hamster Serum PANTM-Biotech GmbH 

 

2.10.4 Software and Websites 

Name Company 

CLC Main Workbench 7 (Version 7.9.1) QIAGEN 

Design & Analysis Software (Version 2.7.0) Thermo Fisher Scientific Inc. 

FCS Express 4 flow cytometry  

(Version 7.12.0020) 

DeNovo™ Software 

GraphPad Prism® (Version 9) GraphPad Software 

Image Lab software (Version 2.0.1) Bio-Rad Laboratories  

InForm software Akoya Biosciences 

LEGENDplexTM software (Version 2024-06-15) Biolegend 

Microsoft Word/Excel/Powerpoint LTSC 

Professional Plus 2021 (Version 2108) 

Microsoft Corporation 

Phenochart (Version 1.1.0) Akoya Biosciences 

Qu-Path (Version 0.5.1) Pathomation 
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3 Methods 

3.1 Bacteria and virus 

3.1.1 Mycobacterium tuberculosis (Mtb) 

Mtb H37Rv was grown in Middlebrook 7H9 broth (BD Biosciences) supplemented with 10% v/v 

OADC (Oleic Albumin Dextrose Catalase) enrichment medium (BD Bioscience), 0.2% v/v glycerol 

and 0,05% v/v Tween 80 to logarithmic growth phase (OD600 0.2 - 0.4) and bacterial aliquots were 

frozen at -80 °C (grown by Martina Ackermann, kindly provided by the Molecular and Experimental 

Mycobacteriology group, Research Center Borstel). Viable cell number in thawed aliquots were 

determined as described in 3.5.1. 

3.1.2 Murine Cytomegalovirus (MCMV) 

The MCMV-Δm157 virus used in this study was based on the pSM3fr-MCK-2-fl BAC (232) and 

modified to delete m157 as described in (230). For this, en passant mutagenesis, a site-directed 

technique that can introduce a variety of mutations, was used which is further described under 

3.2.1. MCMV stock production is described under 3.3.4. 

3.2 Molecular biology methods 

3.2.1 En passant mutagenesis 

En passant mutagenesis is a precise genetic engineering technique that enables targeted mutations, 

deletions, or insertions into large DNA molecules such as bacterial artificial chromosomes (BACs) 

via homologous recombination in bacteria. In this study, the BAC was mutated using en passant 

mutagenesis as described by Tischer and colleagues (233). First the zeocin resistance gene with its 

promoter EM7, was amplified using oligonucleotides containing homology sequences that bind 

upstream and downstream of MCMV m157 gene in addition to the specific sequence for the 

annealing to the zeocin cassette. Zeocin will be used to select for the mutated bacteria later in the 

process. The PCR product was then digested by DpnI to remove the BAC and loaded on a TAE 

agarose gel. The correct size of ~543 bp fragment was cut from the gel and purified by NucleoSpin 

Gel and PCR clean up kit. 150ng of the purified PCR product was transformed to E. coli GS1783 

electrocompetent bacteria carrying MCMV BAC. Transformed bacteria were then plated on LB agar 

plates containing chloramphenicol and zeocin in order to select for the clones where the 

homologous recombination was efficient and the m157 gene replaced by the zeocin cassette. After 

overnight incubation at 30 °C, 10 colonies were picked up and incubated in LB-Broth medium 

containing chloramphenicol and zeocin for overnight incubation with continuous shaking at 30 °C. 

BAC DNA from the overnight culture was extracted and digested with XbaI. The DNA fragments 
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were analyzed by running a TBE agarose gel overnight. Based on the TBE agarose gel, two positive 

clones were selected, plated onto LB plates containing zeocin and chloramphenicol via stripping 

dilution, and incubated overnight at 30 °C. Clones were picked from single-clone plate and 

incubated in LB containing zeocin and chloramphenicol for BAC DNA extraction. Finally, a PCR was 

performed to check if the insertion of zeocin was correct and that no unexpected mutations 

happened in the region. PCR products were load on a TAE gel and the correct fragment was purified 

from Gel and prepared for sequencing. After confirmation of the sequencing, 2 selected positive 

clones were incubated in LB broth containing chloramphenicol for Midi-preps for reconstituting the 

virus in murine fibroblasts. In parallel glycerol stocks of the chosen clones were prepared.    

3.2.2 Polymerase Chain Reaction (PCR) 

PCR was performed by using PRECISOR High-Fidelity DNA polymerase according to the 

manufacturer’s protocol. The PRECISOR polymerase was used for cloning and mutagenesis since it 

has low error rates and amplifies accurately and efficiently. In all PCR-based assays, negative 

controls without template DNA were included to verify assay performance. 

Table 1: Reaction Setup PCR. 

Component Amount 

Template pEPkan-S 1 µL 

Reaction buffer (5 x) 10 µL 

Deoxynucleotide triphosphate (dNTPs) (10 

µM) 

1.5 µL 

Primer fw/rv (10 µM each) 2 µL 

DMSO 1.5 µL 

PRECISOR Polymerase 1 µL 

H2O 31 µL 
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Table 2: Cycling conditions PCR. 

Step Temperature Time Cycles 

Pre-incubation/ 

Denaturation 

95 °C 2 min 1 

Amplification 95 °C 30 sec 35 

58.2 °C 30 sec 35 

72 °C 60 sec 35 

Final extension 72 °C 2 min 1 

Hold 4 °C ∞ ∞ 

 

3.2.3 Restriction digestion of DNA 

DNA digestion was performed by using FastDigest restriction enzymes according to the 

manufacturer’s instructions. 

Table 3: Reaction set up and digestion conditions. 

Component Amount 

10 x FastDigest Green Buffer 5.5 µL 

PCR product 50 µL 

DpnI 1 µL 

37 °C for 60 min  

10 x FastDigest Green Buffer 

 

3.2.4 Agarose gel electrophoresis 

PCR products or digested DNA were loaded on a 0.8%-1% (w/v) TAE agarose gel and run at 120-130 

V for 1 hour. The BAC DNA fragments were loaded on a 0.6% (w/v) TBE agarose gel and run at 50 V 

overnight. Both TAE and TBE gels contain 0.5 μg/mL ethidium bromide. The GeneRuler DNA Ladder 



Methods 

37 

 

Mix was loaded on the gel as a size ladder. The sizes of DNA fragments were visualized with GelDoc 

XR+(BioRad). The pictures of the gels were taken using a GelDoc XR+(BIO-RAD) and analyzed with 

the Image Lab software. 

3.2.5 Purification of DNA fragments 

The DNA fragments with the correct size were cut from TAE gels and purified using the NucleoSpin 

Gel and PCR Clean-up kit, following the manufacturer’s instructions. The concentration and quality 

of the purified DNA were assessed using NanoDrop-1000. The DNA was then stored at -20 °C for 

future use. 

3.2.6 Bacterial transformation 

Electrocompetent bacteria were transformed via electroporation. First, 50 µL of E. coli GS1783 was 

thawed on ice and combined with 150 ng of linear PCR-amplified DNA. The mixtures were then 

transferred to 2 mm electroporation cuvettes and subjected to a pulse using the Gene Pulser XCell 

(BioRad) with the following settings: 2500 V, 25 µF, and 200 Ω. Immediately after the pulse, 900 µL 

of warm LB broth was added to the bacteria. E. coli GS1783 was incubated, shaking at 30 °C for 1 

hour. The cells were then centrifuged at 2000 × g for 2 minutes, resuspended, and plated on LB agar 

plates containing chloramphenicol and zeocin. The plates were incubated overnight at 30 °C in a 

bacterial incubator. 

3.2.7 Extraction of BAC DNA (Mini prep) 

Single colonies were selected from an LB agar plate and inoculated into 5 mL of LB broth medium 

containing chloramphenicol and zeocin for overnight shaking incubation at 30 °C. The overnight 

culture was centrifuged at 6000 × g for 2 minutes at 4 °C, and the bacteria pellet was resuspended 

in 300 µL of ice-cold S1 buffer. Next, 300 µL of ice-cold S2 buffer was added, and the mixture was 

gently inverted 3-5 times. After a 4-minute incubation at room temperature, 300 µL of ice-cold S3 

buffer was added, and the solution was gently inverted 3-5 times. The samples were then incubated 

on ice for an additional 7 minutes before being centrifuged at 11.000 × g for 20 minutes at 4 °C. The 

clear supernatant was transferred to a new tube and mixed with 0.8× volume of isopropanol. After 

gently inverting the tube 3 times, it was centrifuged at 11.000 × g for 45 minutes at 4 °C. The 

resulting pellet was washed with 400 µL of 70% ethanol and centrifuged again at 11.000 × g for 5 

minutes at 4 °C. The DNA pellet was air-dried and then dissolved in 50 µL of 10 mM Tris-HCl (pH 8) 

through gentle shaking. Digestion of 20 µL isolated DNA was performed as described in 0 but XbaI 

was used instead of DpnI. Digested DNA was load on a TBE agarose gel as previously described  0 

and positive clones were plated onto LB plates containing zeocin and chloramphenicol via stripping 
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dilution so that single bacterial colonies can be obtained on the plate the next day. Plates were 

incubated over night at 30 °C. Single clones were picked and incubated in LB medium containing 

chloramphenicol and zeocin for BAC DNA extraction.  

3.2.8 Extraction of BAC DNA (Midi prep) 

Bacteria were grown overnight in 200 mL of LB broth medium with chloramphenicol and zeocin, 

shaken continuously at 30 °C. BAC DNA was extracted using the NucleoBond Midi Xtra Kit according 

to the manufacturer's low copy protocol instructions. The resulting DNA pellet was dissolved in Tris-

HCl buffer (pH 8.0) and stored at -20 °C. For final confirmation of the successful insertion of zeocin, 

again a PCR was performed using again PRECISOR polymerase. Instead of 1 µL template, 3 µL BAC 

DNA were used. Beside this difference, reaction setup and cycling conditions were equal. 

3.2.9 Storage of bacteria 

600 µl of an overnight culture was mixed with 300 µl of autoclaved 86% glycerol and stored at               

-80 °C. 

3.2.10 DNA Sequencing 

MCMV virus DNA and BACs were sequenced by the NGS facility at the LIV. PCR products were 

sequenced by SEQLAB Sequence Laboratories (Maschmühlenweg 36, 37081, Göttingen, Germany). 

3.2.11 Determination of the viral load (qPCR) 

Quantitative PCR was used to determine the number of viral genome copies. Total DNA was 

extracted from organ homogenates diluted 1:3 in TRIZOL LS following the protocol from van de Rijn 

Laboratory in Stanford, USA. The DNA concentration and purity were determined using a 

NanoDropTM 1000 (Thermo Fisher Scientific Inc.). qPCR targeting the MCMV IE1 gene was 

performed using the QuantStudio™3 Real-Time PCR system. Serial dilutions ranging from 1010 to 

103 copies of pcDNA expressing MCMV IE1 or beta-actin were used as standards. Analysis of the 

absolute quantification was performed using the QuantStudio Design and Analysis Software 

(version 2.7.0, Thermo Fisher Scientific Inc.). All quantifications were normalized to the beta-actin 

copies number.  
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Table 4: Reaction setup qPCR. 

Component Amount 

Template DNA  ~ 100 ng 

PowerTrack™ SYBR Green Master Mix 5 µL 

Primer fw/rv (10 µM each) 0.5 µL 

H2O Fill up to 10 µL 

 

Table 5: Cycling conditions qPCR. 

Step Temperature Time Cycles 

Pre-incubation 50 °C 2 min 1 

Denaturation 95 °C 10 min 1 

Amplification 96 °C 15 sec 40 

 60 °C 60 sec ∞ 

 4 °C ∞ ∞ 

 

3.3 Cell biology methods 

3.3.1 Cell culture  

All cells were cultured at 37 °C in a Hera Cell incubator with 80% relative humidity and 5% CO2. All 

cell culture procedures were conducted within a laminar flow hood (HeraSafe, Heraeus).  

M2-10B4 (CRL-1972) cells were obtained from the American Type Culture Collection. Murine 10.1 

fibroblasts are spontaneously immortalized mouse embryonic fibroblasts (MEFs) from BALB/c mice 

obtained from Thomas Shenk (Princeton University, USA) (231). M2-10B4 and 10.1 cells were 

cultured in complete Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal calf 

serum, 100 U/mL penicillin, and 100 μg/mL streptomycin in 25 cm2 culture flasks. When the cells 

reached approximately 90% confluence, they were washed with PBS and detached using a 0.25% 

Trypsin-EDTA solution at 37 °C. The trypsin was neutralized by adding growth medium containing 

FCS (heat-inactivated), and the cells were then split at a ratio of 1:10. For cell counting, 10 µL of the 
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cell suspension was diluted with 90 µL trypanblue and loaded onto a Neubauer cell counting 

chamber (Paul Marienfeld GmbH & Co KG).  

Bone marrow-derived macrophages (BMDM) were generated from bone marrow isolated from 

female C57BL/6 mice provided by the animal facility of Research Center Borstel. After euthanasia, 

the mice were disinfected with 70% ethanol and the tibia and femur were removed, cleaned of 

tissue, and the marrow was flushed into a 50 mL conical tube using a 23-G syringe with 20 mL of 

cold BMDM medium per leg. Cells were centrifuged at 250 x g for 5 minutes at 4 °C, and the 

supernatant was discarded. Cells were resuspended in BMDM medium, seeded in petri dishes (6 

dishes per mouse) and incubated at 37 °C and 5% CO2 for 6-7 days, with 5 mL additional medium 

added after 3 days. After differentiation, BMDMs were detached from the culture dish using cold 

PBS and a sterile rubber policeman. The cells were then collected and resuspended in fresh BMDM 

medium for subsequent experiments. 

3.3.2 Cryopreservation 

For cryopreservation, the cell suspension was centrifuged at 250 × g for 10 minutes. The cell pellet 

was resuspended in FCS (heat-inactivated) containing 10% DMSO and aliquoted into cryotubes. The 

cells were immediately placed in a freezing container ("Mr. Frosty”- Thermo Fisher Scientific Inc.) 

at -80 °C overnight before being transferred to liquid nitrogen. To thaw the cells, an aliquot of frozen 

cells was retrieved from liquid nitrogen and quickly thawed through gentle shaking in a 37 °C water 

bath. The thawed cells were then transferred into a 50 mL falcon tube containing 10 mL of growth 

medium and centrifuged at 250 x g for 5 minutes. The cell pellet was resuspended in 10 mL of 

growth medium and transferred to a 10 cm² culture dish. 

3.3.3 Transfection of BAC DNA 

MCMV BAC DNA was transfected into 10.1 murine fibroblasts using the Polyfect transfection 

reagent to reconstitute MCMV viruses. The day before transfection, 1 × 105 cells were seeded in a 

6-well plate. On the day of transfection, 3 µg of MCMV BAC DNA was added to 100 µL of DMEM 

without supplements and 15 µL of Polyfect. The BAC DNA and Polyfect solutions were mixed and 

incubated at room temperature for 15 minutes. Subsequently, 600 µL of growth medium was added 

to the mixture, which was then transferred to the cells and gently distributed over the entire well. 

Six hours post transfection, 1.5 mL media of each well were removed and 600 µL fresh DMEM with 

10% FCS (heat-inactivated) were added to each well. After a gentle mix the plate was incubated at 

37 °C.  Once the cells reached confluence, they were transferred to a 15 cm² cell culture dish. 
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Reconstitution of MCMV was monitored by observing cytopathic effects (CPE). The supernatant 

from the infected cells was collected for virus stock preparation. 

3.3.4 Infection of cells and preparation of MCMV stock 

For the production of a viral stock, murine 10.1 fibroblasts were infected in 15 cm² petri dishes at a 

multiplicity of infection (MOI) of 0.025, based on the titer of the viral stock. The needed amount 

was calculated as follows: 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑢𝑠 𝑠𝑡𝑜𝑐𝑘 (𝑚𝐿) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑥 𝑀𝑂𝐼

𝑃𝐹𝑈/𝑚𝐿
 

The calculated amount of virus was diluted in the growth medium and added to infect the cells. 

Three days post-infection, the supernatant was collected, and fresh medium was added to the cells 

to allow for an additional harvest two days later, aiming to increase yield. The supernatant collected 

on day 3 was stored at 4 °C. On day 5, the supernatant was collected again, combined with the day 

3 supernatant, and centrifuged at 6000 x g for 15 minutes at 4 °C to remove cellular debris. The 

supernatant was then transferred to fresh centrifuge tubes and centrifuged at 27000 x g for 3.5 

hours at 4 °C to pellet the virus. After centrifugation, the supernatant was discarded, and the viral 

pellet was resuspended in 2 mL of medium and allowed to dissolve overnight on ice at 4 °C. The 

next day, the resuspended pellet was carefully transferred into ultracentrifuge tubes containing 18 

mL of a sucrose cushion, where the virus formed a layer above the sucrose cushion. 

Ultracentrifugation was performed at 70000 x g for 1.5 hours at 4 °C using a L70 Ultracentrifuge. 

The viral pellet was then dissolved in 300 µL of PBS (for in vivo experiments) overnight at 4 °C. The 

virus stock was aliquoted into 20 µL per tube and stored at -80 °C. 

3.4 Animal experiments  

Animal experiments were in accordance with the German Animal Protection Law and approved by 

the Ethics Committee for Animal Experiments of the Ministry of Agriculture, Rural Areas, European 

Affairs and Consumer Protection of the State of Schleswig-Holstein (approval number 85-9/20). All 

mice used were purchased from Janvier Labs and maintained under specific barrier conditions in 

the BSL-3 facility at the Research Center Borstel. Female C57BL/6 mice aged between 10-13 weeks 

were used. 

3.4.1 Mtb infection 

Infection of the mice was performed in special mesh steel cages via the respiratory route by using 

a Glas-Col aerosol chamber (Glas-Col, Terre-Haute). Mtb stocks were diluted in sterile distilled 

water at a concentration providing an uptake of 100 viable bacilli per lung. For infection, a frozen 
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Mtb H37Rv stock was thawed and resuspended ten times with a 27-G cannula to separate the 

mycobacteria aggregates. The suspension was then diluted in sterile Braun water to a total volume 

of 6 mL, of which 5.5 mL were transferred into a nebulisation vessel, and the system was started. 

After a warm-up time of 900 seconds, the system was run for 2400 seconds. After nebulisation for 

2400 seconds, suction for 2400 seconds, and decontamination for 900 seconds, the mice were 

transferred back into their individually ventilated cages (IVC). The remaining 500 µL of the bacterial 

suspension was plated on 7H11 agar plates with bovine serum at dilutions ranging from 10-2 to 10-

5 to assess the bacteria count in the inoculum. The plates were incubated at 37 °C for 3 to 4 weeks. 

One day after infection, lungs of infected mice were harvested to determine the actual bacterial 

uptake. After harvest, the lungs were homogenized in 1 mL of PBS twice for 45 seconds using the 

FastPrep system. Between the first and second steps, the samples were kept on ice. The undiluted 

lysates were distributed on six 7H11 agar plates with bovine serum. After 3 to 4 weeks of incubation 

at 37 °C, the colonies were counted. 

3.4.2 MCMV infection 

Female WT C57BL/6 mice were infected intranasally with 2 × 10⁵ PFU MCMV-Δm157 in PBS per 

mouse. The mice were anesthetized with a mixture of 12.5% ketamine and 1.25% xylazine in 1 x 

PBS (200 µL/20 g body weight), and the inoculum was slowly and evenly administered, 20 µL per 

nostril. 

3.4.3 Assessment of the health status of infected animals  

The health status, severity of disease and disease progression of infected animals was assessed 

using a clinical score. Animals were scored in terms of general behaviour, activity, feeding habits, 

and weight gain or loss. Each of the criteria is assigned score points from 1 to 5 with 1 being the 

best and 5 the worst. The mean of the score points represents the overall score for an animal. 

Animals with severe symptoms (reaching a clinical score of ≥3.5) were euthanized to avoid 

unnecessary suffering, and the time-point was recorded as the end point of survival for that 

individual mouse.  
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Table 6: Scoring criteria for infected mice. 

Score Activity Body weight Body condition Behaviour 

1 Very active No change or increase Shiny and groomed fur; 

clear eyes; clean body 

orifices 

Normal 

2 Active Reduction <10% Fur defects (less or 

excessive grooming) 

Slight deviation 

3 Less active Reduction 10-20% Dull/greasy and ruffled 

fur, decreased 

grooming, body orifices 

not well cleaned, 

increased muscle tone 

Unusual; impaired 

motor functions 

or hyperkinetic 

4 Barely active Reduction 20-30% Dirty fur; sticky or 

damp body orifices; 

hunched; high muscle 

tone; dull eyes 

Isolation from 

peers; lethargy; 

hyperkinetic; 

stereotypies; 

coordinative 

dysfunctions 

5 Lethargic Reduction >30% Cramps; paralysis 

(trunk musculature, 

limbs); respiratory 

sounds; cold body 

Vocalization of 

pain when 

grabbing; 

selfamputation 

(autoaggressive 

behavior) 

 

3.4.4 Organ harvest and homogenization 

Mice were euthanized by CO2 on respective days for organ harvest. After opening the abdominal 

wall, the blood was taken from the inferior vena cava using a syringe and 27-G cannula and 

transferred to an Eppendorf tube. The blood was centrifuged at 5724 x g or 10 min and 4 °C and 

the serum stored at -80 °C for later analyzes. For histological examinations of the lungs, the right 
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upper lung lobe was removed at chosen time points from some animals and stored in 4% PFA for 

24 h at 4 °C. The residual lung, mLN, salivary gland (SG) and spleen were taken and homogenized in 

1 x PBS (mixture of 1.4 mm and 2.8 mm ceramic beads, Bertin Technologies; Minilys ®, Bertin 

Technologies). The lung, spleen and SG were homogenized twice at 1817 x g for 50 seconds, the 

mLN once for 50 seconds. Between step one and two, the organs were kept on ice. The 

homogenates were distributed for respective analyzes such as bacterial load, viral load and 

inflammatory mediators. Homogenates were stored at -80 °C.  

3.5 Microbiological methods 

3.5.1 Determination of the bacterial load  

Tenfold serial dilutions ranging from 10-2 to 10-5 of the organ homogenates or cell lysates in WTA 

buffer were plated onto Middlebrook 7H11 agar plates supplemented with 10% v/v heat-

inactivated bovine serum. The plates were incubated at 37 °C, and colonies were enumerated after 

3-4 weeks. 

3.5.2 Determination of the viral load  

Titers of infectious virus were determined as plaque forming units (PFU) using a plaque assay on 

M2-10B4 cells. In this standard virological method, serial dilutions of the virus-containing samples 

are added to a monolayer of susceptible cells. Each infectious virus particle forms a visible area of 

cell destruction, known as a plaque. By counting these plaques, the number of infectious particles 

in the sample—the viral titer—can be calculated. 

A total of 4 × 10⁴ M2-10B4 cells were seeded per well in 400 µL of M2-10B4 medium in 48-well 

plates, 24 hours prior to infection.  On the following day, serial dilutions of the samples were 

prepared in 1 mL of 3% FCS (heat-inactivated) growth medium for each sample. Organ 

homogenates or supernatants of infected BMDMs were titrated in duplicates, with dilutions 

ranging from 10-1 to 10-4, and virus stocks (cell supernatants) in 4 independent serial dilutions with 

dilutions ranging from 10-3 to 10-10. From each well, 300 µL of M2-10B4 medium were removed and 

100 µL from each virus dilution was added to the respective wells. Following a 3-hour incubation 

period at 37 °C, 300 µL of methylcellulose were added to each well. After five to six days of 

incubation, plaques were counted, and the viral titer was calculated as described by Zurbach et al. 

(234). In addition, qPCR was used to overcome the detection limit of the Plaque Assay, allowing for 

the detection of low viral loads as described in 3.2.11. 
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3.6 Immunological methods 

3.6.1 Lymphocyte depletion 

Depletion of CD8α, NK1.1, and CD4 lymphocyte populations in C57BL/6 mice was achieved via 

intraperitoneal (i.p.) administration of anti-mouse CD8α, anti-mouse NK1.1, and anti-mouse CD4 

antibodies, using a 26-G syringe. A dose of 150 µg per antibody was used, with each mouse receiving 

100 µL of the antibody cocktail. 

3.6.2 Flow cytometry 

Flow cytometry is a technique that enables the rapid analysis of the physical and chemical 

characteristics of cells or particles as they flow in a fluid stream through a beam of light. It is 

commonly used to identify and quantify distinct cell populations based on the expression of specific 

markers. Successful lymphocyte depletion was confirmed by flow cytometry. A drop of blood was 

collected from the tail of the mouse using a 26-G syringe and transferred into an EDTA tube. After 

adding 50 µL of blocking buffer, the blood was resuspended and incubated at room temperature 

for 10 minutes. Then, 50 µL of fluorescently-coupled antibody mix was added, resuspended, and 

incubated in the dark for an additional 30 minutes at room temperature. The cells were diluted 

with 300 µL of FACS buffer and stored in aluminium foil at 4 °C until analysis on the MACSQuant® 

Analyzer 10 flow cytometer (MQ10). For each flow cytometry experiment, appropriate isotype 

controls and unstained samples were included to ensure specificity and accuracy of antibody 

staining. 

3.6.3 Quantification of chemokines/cytokines by multiplex bead-based immunoassays 

Multiplex immunoassays enable the simultaneous measurement of multiple cytokines or 

chemokines in a single sample. The LEGENDplex system (BioLegend) uses antibody-coated beads, 

enabling the detection of several target proteins at once by flow cytometry. For this study, cytokine 

concentrations (Mouse Inflammation panel, Biolegend) and chemokine concentrations (Mouse 

Proinflammatory Chemokine Panel, Biolegend) in lung homogenates were quantified by 

LEGENDplexTM multiplex immunoassay. Lung homogenates were centrifuged (8.000 x g, 5 min, 4 °C) 

and the supernatants were processed according to the manufacturer’s instructions. Data 

acquisition was performed on a MACSQuant® Analyzer 10 (Miltenyi Biotec), and results were 

analyzed using LEGENDplex™ software (BioLegend). 

3.6.4 TNF Quantification 

TNF levels in cell supernatants were quantified using the TNF-α ELISA MAX™ kit (BioLegend), 

following the manufacturer’s protocol. Absorbance was measured at 450 nm using a microplate 
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reader. TNF concentrations were calculated based on a standard curve generated from known 

concentrations of TNF standards. 

3.7 Histopathological analyzes  

3.7.1 Tissue fixation, embedding and sectioning 

Embedding and processing of lung tissue were carried out by the Histology Core Unit at the 

Research Center Borstel under the supervision of Prof. Dr. Torsten Goldmann. Superior lung lobes 

from infected mice and naïve controls were fixed with 4% w/v paraformaldehyde for 24 h, 

embedded in paraffin, and sectioned (4 μm). Embedding, sectioning as well as Hematoxylin and 

Eosin staining of the sections, were performed by Christian Rosero and Jasmin Tiebach. Christian 

Rosero and Dr. Sebastian Marwitz conducted the multiplex immunofluorescence staining and 

analysis.  

3.7.2 Hematoxylin and Eosin (H&E) staining 

Hematoxylin and Eosin (H&E) staining was performed using a linear stainer (Tissue Stainer TST 44 

C) by the Histology Core Unit. The procedure involved the following steps: Paraffin-embedded 

tissue sections were first deparaffinized by immersing them twice in xylene for 1 minute each. 

Rehydration was then carried out through a graded series of ethanol solutions: 100% ethanol for 1 

minute, 96% ethanol for 1 minute, and 70% ethanol for 1 minute. This was followed by immersion 

in distilled water for 1 minute to complete the rehydration process. The rehydrated sections were 

stained with Mayer's hematoxylin solution for 3 minutes, and this step was repeated once to 

enhance nuclear staining, resulting in 6 minutes of hematoxylin exposure. Excess stain was removed 

by washing the slides in tap water for 1 minute. To achieve optimal nuclear bluing, the sections 

were immersed in a 1% calcium acetate solution for 1 minute, followed by another wash in tap 

water for 1 minute. For cytoplasmic staining, the sections were immersed in 0.2% eosin solution for 

2 minutes. The slides were then dehydrated through a graded series of ethanol concentrations: 

80% ethanol for 15 seconds, 96% ethanol for 30 seconds, and twice in 100% ethanol for 1 minute 

each. Clearing was performed by immersing the sections twice in xylene for 1 minute each. Finally, 

the slides were coverslipped using a suitable mounting medium for microscopic examination. 

3.7.3 Multiplex-immunofluorescence (mIF) staining 

Multiplex-immunofluorescence (miF) staining was performed by Christian Rosero from the 

Histology Core Unit. Formalin-fixed, paraffin-embedded (FFPE) samples of mouse lung tissues were 

deparaffinized by immersion into xylene (2 x 10 min) and rehydrated by graded series of ethanol (2 

x 2 min 100%, 2 min 96%, 2 min 90%, 2 min 80%, 2 min 70%, 2 min distilled water). Rehydrated 
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samples were transferred to 1 x TBST (50 mM Tris, pH 7.6, 0.05% Tween-20) and subsequently 

forwarded to mIF staining. The Opal 3-Plex Anti-Rb Manual Detection Kit (Akoya Biosciences, 

Marlborough, USA, NEL840001KT) was used with additional fluorophores as indicated in 2.6. 

Overall, mIF staining consisted of several, subsequent cycles of IF staining targeting one antigen per 

time: Before antigen detection, endogenous peroxidases were blocked once by incubation for 10 

min at RT in 3% H2O2 followed by 3 x 2 washing with 1 x TBST. One IF cycle consisted of 10 min 

protein blocking using antibody diluent (Akoya Biosciences, Marlborough, USA) followed by 3 x 2 

min washing with 1 x TBST. Primary antibodies were diluted using antibody diluent (Akoya 

Biosciences, Marlborough, USA) and incubated for 45 min at RT followed by 3 x 3 min washing with 

1 x TBST. Primary antibodies were detected by incubation for 10 min with HRP-Polymer (Akoya 

Biosciences, Marlborough, USA) and subsequent TBST washing for 3 x 3 min. Signals were visualized 

by OPAL-TSA reaction for 10 min at RT and stopped by washing 3 x for 3 min with 1 x TBST. An 

antigen-retrieval (AR) step by heating in citric acid buffer pH6 (Akoya Biosciences, Marlborough, 

USA) for 1 min at 1000 W followed by simmering for 10 min at 100 W was used to remove primary 

antibodies and HRP polymer before entering the next staining cycle. Finally, nuclei were stained 

using spectral DAPI (Akoya Biosciences, Marlborough, USA) and slides were mounted with cover 

slips using ProLong Gold (Invitrogen, Carlsbad, USA).  

3.7.4 Quantitative assessment of lung lesions and associated immune cell subsets   

The quantitative analysis of inflammatory area was conducted by determination of whole lung area 

and inflammatory area for H&E-stained sections using the software QuPath (235). 

Whole-slide imaging (WSI) was performed using a PhenoImager HT multi-spectral slide scanner 

(Akoya Biosciences, Marlborough, USA) at 20 x magnification (0.5 µm/pixel) with exposure times 

held constant for all analyzed samples (DAPI: 1.1 ms, Opal 690: 30 ms, Opal 520: 35 ms, Opal 570: 

43.12 ms, Opal 780: 25 ms). Phenochart software 1.1.0 (Akoya Biosciences, Marlborough, USA) was 

used to select regions of interest for generation of image analysis algorithms as well as batch 

analyzes across all tissues. For this, an analysis algorithm was built using InForm software 2.6.0 

(Akoya Biosciences, Marlborough, USA) with two representative regions from each tissue. The 

image analysis algorithm consisted of several steps including spectral unmixing based on 

proprietary spectral libraries of designated fluorochromes as supplied by Akoya Biosciences, 

Marlborough, USA, pixel-based tissue segmentation, cell segmentation, and cell classification. 

Tissue segmentation was tested on randomly selected WSIs and retrained on areas where initial 

tissue segmentation failed to correctly identify designated areas. Representative regions from WSIs 

were imported into InForm software, spectrally unmixed, and forwarded to user-guided, machine-
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learning tissue segmentation based on manual annotation for areas consisting either of empty 

glass/no tissue, B cell enriched tissue, and tissue without B cell enrichment. Once tissue 

segmentation reached a satisfactory level, individual cells were segmented based on their DAPI 

signal and accessory information from antibody staining. A cell classification algorithm was trained 

to identify each antigen in a binary approach (antigen positive vs negative).  

Two representative regions from each WSI were forwarded to batch analysis. All resulting images 

were individually reviewed, and areas containing imaging artifacts (dust, fibers, tissue folds, out-of-

focus regions) as well as pleura with excess autofluorescence were removed by manually drawing 

regions of disinterest. Samples with insufficient tissue segmentation results were excluded from 

downstream analyzes. Resulting cell segmentation files of 128 images from 64 WSIs were merged 

and consolidated into a single data file using the R package phenoptr reports 0.3.3. Phenoptr 

reports was further used to determine the cell density (cells/mm²) of two images/WSI for selected 

combinations of detected antigens across the complete tissue of each animal. The slides were 

analyzed in a blinded manner. 

3.8 Statistics 

All data were analyzed and graphs generated using GraphPad Prism 10 (GraphPad Software, La 

Jolla, USA). Statistical tests are indicated in the individual figure legends. An ordinary 2-way ANOVA 

(comparison of 3 or more groups) was performed with a Tukey's (for comparisons involving three 

or more groups to assess all possible pairwise differences) or Sidak's (for comparisons involving only 

two groups to control for multiple testing with fewer comparisons) multiple comparisons test (95 

% confidence interval). The survival curve analysis was performed using the log rank (Mantel-Cox) 

test. Unless otherwise defined, the differences were considered significant if p-values were ≤ 0.05 

and are specified and marked with stars as the following: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 

**** p ≤ 0.0001. Data is shown as means with the corresponding standard deviation (SD).  
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4 Results 

HCMV has been implicated in TB pathogenesis, with epidemiological evidence supporting an 

association between HCMV and TB disease progression (178–181,236,237). To investigate the 

impact of CMV infection on TB disease progression, a murine coinfection model was employed 

using C57BL/6 mice. The following experiments aimed to assess clinical outcomes, bacterial/viral 

burden, and viral reactivation dynamics in the context of Mtb infection, with or without pre-existing 

MCMV infection. The results presented here provide experimental insight into the interaction 

between these two pathogens and its influence on host disease outcomes. 

4.1 Latent MCMV modifies TB outcomes in coinfected mice following Mtb 

infection 

For reference:  

• Day 14 post-Mtb corresponds to 194 days post-MCMV infection 

• Day 150 post-Mtb corresponds to 330 days post-MCMV infection 

The C57BL/6 mouse strain is a well-established model for studying both Mtb and MCMV infections. 

Although it is susceptible to infection with virulent Mtb, it is considered relatively resistant due to 

its ability to control bacterial replication, limit lung pathology, and survive long-term following low-

dose Mtb exposure (214). Importantly, the immune response of C57BL/6 mice to MCMV is well-

characterized and closely resembles key aspects of the human immune response to HCMV, making 

it a valuable model for studying human infection processes (238). This mouse strain is however 

MCMV-resistant due to NK cell activation via the viral glycoprotein m157 (239,240). But this 

resistance can be prevented by using an m157-deficient MCMV mutant (Δm157 MCMV) unable to 

bind to the NK cell receptor Ly49H (241). 

In order evaluate the impact of latent MCMV infection on the outcome of Mtb infection, the disease 

progression was examined in a murine coinfection model. Previous studies have shown that MCMV 

establishes latency in the lungs following mucosal infection, one important natural transmission 

route of CMV (242). Therefore, female C57BL/6 mice were intranasally infected with 2×105 plaque-

forming units (PFU) of MCMV-Δm157 (Figure 5).  
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Figure 5: Timeline.  C57BL/6 mice were infected i.n. with 2x105 PFU MCMV-Δm157 and 180 days later 
with a low dose of Mtb H37Rv.  

Following infection, mice were housed in a Biosafety Level 3 (BSL-3) facility for six months to allow 

the establishment of latent MCMV infection, characterized by the absence of detectable replicating 

virus in multiple tissues while the viral genome persists in certain cell types, such as monocytes or 

endothelial cells (243). During this phase, viral gene expression is highly restricted, with only a few 

transcripts detectable, and reactivation typically requires specific triggers such as cytokine 

signalling or cellular differentiation (244). Six months post infection, viral genome loads were 

quantified in the lungs and salivary glands using qPCR (Figure 6). Viral genomes were detected in 

the majority of samples 175 days after MCMV infection, in the lung and in the salivary gland, which 

is the primary site of MCMV latency (219). For comparison, Oduro et al. reported a median of 

approximately 12,000 viral genomes per 106 cells six months after intranasal MCMV infection in a 

mouse strain with higher susceptibility to MCMV than C57BL/6 mice (242). In the current study, the 

median viral load was lower under similar experimental conditions. Some samples remained below 

the quantification limit, indicating that the viral burden in these samples was too low to be reliably 

detected and quantified; these samples are therefore considered as not detectable.  

 

Figure 6: Quantification of viral genomes by qPCR in lung and salivary gland tissue. Organs were 
collected 5 days before Mtb coinfection. Viral genome levels were normalized to β-actin. The qPCR limit 
of detection was defined as 10 genome copies per 10⁶ cells. Data represent pooled results from two 
independent experiments (n=4–5; n.d. = not detectable). Values are presented as mean ± SD. Each data 
point corresponds to an individual mouse. Statistical significance was assessed using an unpaired t-test. 
No statistically significant differences were detected (p > 0.05).  
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Next, mice were coinfected with a low dose of Mtb H37Rv via the aerosol route (Figure 5) and 

monitored in order to assess disease progression in the presence and absence of latent MCMV 

infection. Clinical scores started to rise in all three groups 150 days after Mtb infection (Figure 7A). 

Mice infected with MCMV alone exhibited minimal symptoms throughout the observation period, 

maintaining consistently low clinical scores. Unexpectedly, the clinical score was highest in the 

group of mice infected with Mtb alone and significantly lower in the presence of MCMV. 

Consequently, 4 out of 10 Mtb-only infected mice reached the defined humane endpoint and were 

euthanized, compared to only 1 out of 10 coinfected mice (Figure 7B), suggesting that latent MCMV 

infection mitigates disease progression. The health status of the animals and their euthanasia were 

conducted in accordance with the criteria established by the state of Schleswig-Holstein and 

Ministry for Energy Transition, Agriculture, Environment, Nature, and Digitalization. Mice with a 

total score of ≥3.5 were classified as experiencing severe suffering, promptly removed from the 

experiment, and euthanized in compliance with animal welfare regulations, limiting severe 

suffering to a maximum of 1 day.   

 

Figure 7: Latent MCMV infection modulates disease progression and survival in coinfected mice.  (A) 
Clinical scores and (B) survival rates were monitored until day 304 post-Mtb infection. Data represent 
results from one experiment (n=7–10). Values are presented as mean ± SD. Each data point corresponds 
to an individual mouse. Statistical significance was assessed using (A) two-way ANOVA with Tukey’s 
multiple comparison test and (B) the log-rank (Mantel-Cox) test. Significance levels: *p ≤ 0.05, ****p ≤ 
0.0001. No statistically significant differences were detected in (B) (p > 0.05). 

To determine whether the improved condition of coinfected mice was associated with enhanced 

bacterial control, organs of interest were collected at defined time points throughout the 

observation period to assess Mtb burden. However, bacterial loads in the lungs, mediastinal lymph 

nodes and spleen were comparable between Mtb-only and coinfected mice (Figure 8A-C), 

indicating that the observed differences in disease outcome were independent of bacterial 

replication control. 
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Figure 8: Bacterial burden (CFU) in Mtb-infected mice with and without latent MCMV infection. At the 
indicated time points, bacterial burden in (A) the lung, (B) lymph node, and (C) spleen was determined. 
Data represent pooled results from two independent experiments (n=6–9). Values are presented as 
mean ± SD. Each data point corresponds to the mean value of all mice in the respective group at each 
time point. Statistical significance was assessed using (A-C) two-way ANOVA followed by Sidak’s multiple 
comparison test. No statistically significant differences were detected in (A-C) (p > 0.05). 

As the lung is not only a reservoir of latent MCMV infection but also a site of virus reactivation (245) 

it was investigated whether reactivation was triggered by Mtb coinfection. To analyze this, viral 

genome levels were quantified in the lungs 14 days after Mtb infection (Figure 9A). The analysis 

showed that viral genome loads remained stable before and after Mtb infection, with some samples 

even falling below the detection limit. These findings indicate that under these conditions, Mtb 

infection does not induce MCMV reactivation.  

To confirm that MCMV reactivation is generally possible in this model, lymphocyte depletion was 

carried out in a selected group of latently MCMV-infected mice - an established protocol to induce 

immunosuppression in mice, known to reactivate latent MCMV. CD4⁺ and CD8⁺ T cells, as well as 

NK cells, were depleted using a single dose of specific antibodies, as described by Brizić et al., 2018 

(246). Lymphocyte depletion was confirmed 48 hours after depletion via flow cytometry using 

blood collected from the tail veins of naïve and depleted mice (Figure 9B). 

In contrast, to evaluate whether immunosuppression triggered viral reactivation, MCMV genome 

loads in the lungs were quantified 14 days after lymphocyte depletion (Figure 9A). The results imply 

a potential increase in viral genome levels in lymphocyte-depleted mice compared to untreated 

controls, suggesting that lymphocyte depletion may facilitate conditions conducive to MCMV 

reactivation in this model. While statistical significance was not reached, the observed trend 

highlights the need for further investigations to better understand the mechanisms underlying 

MCMV reactivation. 
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Figure 9: Viral genomes in the lungs of MCMV-infected mice following Mtb coinfection or lymphocyte 
depletion. (A) Quantification of NK+, CD4+, and CD8+ cells after lymphocyte depletion by flow cytometry. 
(B) Quantification of viral genomes by qPCR in lung tissue collected 14 days post-Mtb infection or 14 
days post-lymphocyte depletion. Viral genome levels were normalized to β-actin. The qPCR limit of 
detection was defined as 10 genome copies per 10⁶ cells. Data represent pooled results from two 
independent experiments (n=4–7; n.d. = not detectable). Values are presented as mean ± SD. Each data 
point corresponds to an individual mouse. Statistical significance (A) was assessed using Mann-Whitney 
test. No statistically significant differences were detected in (A) (p > 0.05). 

Together, these data suggest, contrary to the initial hypothesis, that latent MCMV infection exerts 

a beneficial effect in coinfected animals, which displayed improved disease outcomes compared to 

those infected with Mtb alone.   

 

  

4.1 Summary of key findings:  

• In this coinfection model, mice latently infected with MCMV before Mtb infection showed 

lower clinical scores and improved survival compared to Mtb-only infected mice. 

• MCMV coinfection ameliorated disease severity but did not affect Mtb bacterial loads in the 

lungs, lymph nodes or spleen. 

• Mtb infection did not trigger MCMV reactivation. 
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4.2 Coinfected animals exhibit elevated levels of inflammatory cytokines and 

chemokines in the lungs 

For reference: 

• Day 21 post-Mtb corresponds to 194 days post-MCMV infection 

• Day 150 post-Mtb corresponds to 330 days post-MCMV infection 

• Day 252 post-Mtb corresponds to 432 days post-MCMV infection 

The data presented suggest that the increased disease tolerance observed in coinfected animals, 

compared to those infected with Mtb alone, cannot be attributed to better pathogen control. To 

investigate potential alterations in the inflammatory environment in coinfected and singly infected 

mice, the levels of inflammatory cytokines and chemokines known to play a role in Mtb infection 

were quantified using a multiplex immunoassay. For this analysis, lung homogenates from infected 

animals from three representative time points were used: early day 21 post-Mtb represents the 

time were adaptive immunity to Mtb is usually established, mid-infection day 150 post-Mtb is 

shortly before clinical scores increased, and late day 252 post-Mtb is the time point when 

differences in clinical scores were most apparent. This approach allowed a comprehensive 

assessment of cytokine and chemokine dynamics over the course of infection. 

The heat maps in Figure 10 provide an overview of cytokine levels measured in lung homogenates 

at various time points post Mtb infection and corresponding days post MCMV infection. Among the 

cytokines measured, IL-1α exhibited the highest expression levels in both coinfected and Mtb-only 

infected animals, while its levels remained low in MCMV-only infected mice at all measured time 

points (Figure 10A-C). 

 

Figure 10: Overview of cytokine levels measured in lung tissue at different time points post Mtb 
coinfection. Heat maps of cytokine levels in lung homogenates from (A) coinfected, (B) Mtb-infected or 
(C) MCMV-infected mice, showing the mean concentration for each cytokine. Data represent pooled 
results from two independent experiments (n=6–7). Cytokine concentrations are presented in pg/mL, 
with color intensity reflecting cytokine levels (scale: 0–3000 pg/mL).  
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A closer examination of the heat maps revealed that, in addition to IL-1α, other cytokines also 

displayed notable differences between coinfected and singly infected mice. Similar to IL-1α, IL-1β 

and TNF concentrations progressively increased throughout the infection period, reaching 

significantly higher levels in coinfected mice at day 252 post-Mtb infection (Figure 11A-C), which 

coincided with the time point when differences in clinical scores between groups were most 

pronounced (Figure 7A). This difference was particularly evident for IL-1α, which demonstrated the 

highest concentration in the coinfected group (Figure 11A).  

In contrast, IFN-γ expression followed a temporal pattern that diverged from the other cytokines 

analyzed (Figure 11D). IFN-γ demonstrated an early peak at day 21 post-Mtb infection, with 

approximately 2-fold higher concentrations in coinfected animals compared to Mtb-only infected 

mice. In contrast, the IFN-γ levels in MCMV-only infected animals remained near the detection limit 

across all examined time points, showing no significant increase in expression. 

IFN-γ levels declined markedly in coinfected and Mtb-only infected mice by day 150 post-Mtb 

infection and remained low through day 252, with minimal differences between experimental 

groups at these later time points. This observation suggests that while MCMV infection alone was 

insufficient to induce substantial proinflammatory cytokine responses in the lung, it significantly 

enhanced Mtb-mediated inflammatory reactions when present as a coinfection. 

IL-27 and IL-23, cytokines linked to long-term Mtb control and B cell follicle formation, exhibited 

similar expression patterns across experimental groups (Figure 11E, F). At day 21 post-Mtb 

infection, both cytokines were significantly lower in coinfected mice compared to MCMV-only 

infected animals, while showing comparable levels to Mtb-only infected mice at this early time 

point. Over time, IL-23 and IL-27 levels increased in coinfected mice, peaking at day 150 post-Mtb 

infection, with IL-23 being significantly higher compared to Mtb-only infected mice (Figure 11F). 

This divergence between coinfected and Mtb-only groups was particularly pronounced for IL-23, 

suggesting a potential synergistic effect of dual infection on this cytokine's expression at the 

intermediate phase. By day 252 post-Mtb infection, while no significant differences were observed 

between groups, IL-23 levels remained highest in coinfected and MCMV-only infected mice 

compared to the Mtb-only group, which displayed a decrease in IL-23 expression during this late 

phase of infection. The remaining cytokines exhibited comparable levels across all groups and time 

points and are thus not shown individually. 
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Figure 11: Altered pulmonary cytokine responses in coinfected mice. Concentration of selected 
cytokines (A-F) at representative time points. Data represent pooled results from two independent 
experiments (n=6–7; LOQ = Limit of Quantification). Values are presented as mean ± SD. Each data point 
corresponds to an individual mouse. Statistical significance was assessed using (A-F) two-way ANOVA 
followed by Tukey’s multiple-comparison test. Significance levels:  *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 
****p ≤ 0.0001. 

In addition to cytokines, several chemokines were upregulated in both singly and coinfected 

animals. Upon initial examination of the heatmaps summarizing the chemokine expression profiles 

in Mtb-only and coinfected mice (Figure 12A, B), it becomes evident that there is no discernible 

difference in the chemokine expression patterns between coinfected animals and those infected 

with Mtb alone, despite the presence of concurrent viral infection in the former group. The 

heatmap representing MCMV-only infected animals exhibits less chemokine induction compared 

to Mtb-infected mice across all measured time points, suggesting a limited inflammatory response 

to MCMV infection in this experimental model (Figure 12C). 
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Figure 12: Overview of chemokine levels measured in lung tissue at different time points post-Mtb 
coinfection. Heat maps of chemokine levels in lung homogenates from (A) coinfected, (B) Mtb-infected 
or (C) MCMV-infected mice, showing the mean concentration for each chemokine. Data represent 
pooled results from two independent experiments (n=6–7).  Chemokine concentrations are presented 
in pg/mL, with color intensity reflecting chemokine levels (scale: 0–12000 pg/mL). 

However, closer examination of individual chemokines revealed that CXCL9, CXCL10, and CCL2 were 

significantly higher in coinfected mice as early as day 21 post-Mtb infection, whereas their levels 

were lower in MCMV-only infected mice (Figure 13A-C). During the mid-infection phase (day 150 

post-Mtb), CXCL9, CXCL10 and CCL2 levels (Figure 13A-C) were comparable between co- and Mtb-

only infected animals, while their levels in MCMV-only infected mice remained below the detection 

limit. In the late infection phase (day 252 post-Mtb), CXCL9, CXCL10, and CCL2 concentrations rose 

again in both Mtb-only and coinfected mice, with significantly higher levels observed in the latter. 

This biphasic pattern, with enhanced chemokine expression in coinfected animals at both early and 

late time points but not during the intermediate phase, suggests a temporal regulation of 

chemokine responses in the context of MCMV and Mtb coinfection. 
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Figure 13: Altered pulmonary chemokine responses in coinfected mice. Concentration of (A) CXCL9, (B) 
CXCL10 and (C) CCL2 at representative time points. Data represent pooled results from two independent 
experiments (n=6–7; LOQ = Limit of Quantification). Values are presented as mean ± SD. Each data point 
corresponds to an individual mouse. Statistical significance was assessed (A-C) using two-way ANOVA 
followed by Tukey’s multiple-comparison test. Significance levels: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 
****p ≤ 0.0001. 

The remaining chemokines exhibited comparable levels across all groups and time points and are 

thus not shown individually. Overall, these findings reveal discernible variations in cytokine and 

chemokine profiles in the lungs of coinfected mice, especially during the early and late phases of 

infection. These immune signatures are associated with improved clinical outcomes, suggesting a 

potential mechanistic link between the inflammatory milieu and enhanced disease tolerance in 

coinfected animals. 

 

 

4.2 Summary of key findings: 

• Pulmonary levels of IL-1α, IL-1β, and TNF increased over time, peaking in coinfected 

mice during late-stage infection, whereas IFN-γ levels were highest in coinfected mice 

early in the course of infection. 

• IL-27 and IL-23 were significantly reduced in coinfected compared to MCMV-infected 

mice on day 21 but increased in coinfected lungs over time. 

• CXCL9, CXCL10, and CCL2 were significantly elevated in coinfected mice, particularly 

during early and late infection, but remained low in MCMV-only infected mice. 
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4.3 Histopathological changes in lung tissue in the presence and absence of 

latent MCMV 

For reference: 

• Day 150 post-Mtb corresponds to 330 days post-MCMV infection 

• Day 252 post-Mtb corresponds to 432 days post-MCMV infection 

In order to investigate if the differences observed in the inflammatory response are reflected in 

lung pathology, one lung lobe from each mouse per group - Mtb-only, MCMV-only, and coinfected 

mice - was processed for histological analysis. Overall tissue pathology was assessed using 

Hematoxylin & Eosin (H&E) staining, a standard method for visualizing tissue architecture, cellular 

composition, and inflammatory infiltrates. This technique allows for the identification of structural 

alterations, such as immune cell infiltration and tissue damage, which are crucial for evaluating 

infection-induced pathology. Histopathological examination of lung tissue was performed at day 

150 and day 252 post-Mtb infection, corresponding to mid- and late-infection stages.  

Histopathological imaging provides an initial overview of tissue architecture and allows for the 

identification of structural changes. In this study, visual examination of the histological sections 

(Figure 14) revealed differences between the experimental groups. At day 150 post-Mtb infection, 

the lungs of coinfected mice displayed granulomatous lesions with irregular borders and a diffuse 

pattern of inflammation throughout the lung parenchyma (Figure 14, d150 post-Mtb). These lesions 

coalesced in certain areas, forming extensive consolidated regions. In contrast, Mtb-only infected 

mice exhibited more distinct, circumscribed granulomatous lesions that were fewer in number but 

showed more intense violet-blue staining, indicative of dense lymphocyte and macrophage 

infiltration (Figure 14, d150 post-Mtb). 

By day 252 post-Mtb infection, both Mtb-only and coinfected lungs exhibited progressive pathology 

with larger granulomatous lesions (Figure 14, d252 post-Mtb). In coinfected mice, dark-blue 

regions—characterized by intense hematoxylin staining and indicative of high nuclear density—

were more prominent within granulomas compared to day 150 post-Mtb infection. These areas 

may reflect dense accumulations of cells, such as lymphocyte infiltrates or lymphoid tissues, 

including germinal centers.  

MCMV-only infected lungs exhibited minimal pathological changes at mid-infection day 150 post-

Mtb infection, revealing smaller areas of inflammatory infiltration compared to Mtb-infected lungs 

(Figure 14, d150 post-Mtb). However, by day 252 post-Mtb, larger areas of consolidation became 

apparent in MCMV-only infected lungs, with mild violet staining indicative of low lymphocyte 
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infiltration primarily located in perivascular and peribronchiolar regions (Figure 14, d252 post-Mtb).  

This pathology was distinct from the granulomatous lesions observed in Mtb-infected lungs. 

 

Figure 14: HE-stained lung sections reveal tissue pathology in MCMV-Mtb coinfection. Lungs were 
collected at day 150 and day 252 post-Mtb infection, PFA-fixed and paraffin embedded. Tissue sections 
were stained with H&E. Representative micrographs from lungs of one mouse per group are shown. 
Group sizes were as follows: day 150 –MCMV+Mtb n=7, Mtb-only n=6, MCMV-only n=6; day 252 –
MCMV+Mtb n=7, Mtb-only n=7, MCMV-only n=7. Scale bar = 1 mm. Black arrows indicate 
granulomatous lesions as an exemplary pathological feature. 
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Quantification of the inflammatory area in lungs of singly and coinfected mice provides an objective 

complement to the histological observations. Although differences in the proportion of affected 

lung tissue between Mtb-only and coinfected groups were not statistically significant at either time 

point examined, the visual trends observed warranted further investigation (Figure 15). 

 

Figure 15: Quantification of inflammatory areas in singly and coinfected lungs. Quantitative analysis of 
inflammatory areas in lung tissue sections after H&E staining, as shown in Fig.14, was performed using 
QuPath. Data represent results from one experiment (n=5–7). Values are presented as mean ± SD. Each 
data point corresponds to an individual mouse. Statistical significance was assessed using two-way 
ANOVA followed by Tukey’s multiple-comparison test: ***p ≤ 0.001; ****p ≤ 0.0001. 

To better understand these differences observed between groups and to identify immune cell 

populations involved in the inflammatory response and disease progression during Mtb infection 

(195,247,248), multiplex immunohistochemistry (mIF) for the detection of CD19+ B cells, CD3+ T 

cells, and CD68+ monocytes/macrophages was performed (Figure 16). This approach allowed a 

more closely examination of immune cell infiltrates within the inflammatory regions identified by 

H&E staining. Visual evaluation of mIF-stained sections revealed different immune cell infiltration 

among Mtb-only, coinfected, and MCMV-only infected mice at both days 150 and 252 post-Mtb 

infection. In the Mtb-infected lungs (Figure 16, d150 post-Mtb, middle column), well-defined 

cellular aggregates are visible, characterized by a high density of CD19+ B cells (blue), which form 

organized structures, particularly pronounced at day 150 post-Mtb. In contrast, the coinfected 

lungs (Figure 16, d150 post-Mtb, left column) exhibit a diffuse immune cell distribution with less 

distinct aggregates and reduced B cell abundance. By day 252 post-Mtb, both Mtb-infected groups 

show expanded areas of immune cell infiltration; however, the Mtb-only group (Figure 16, d252 

post-Mtb, middle column), retains more organized granulomas with a higher presence of B cells 

(blue) and CD3+ T cells (magenta), while the coinfected group (Figure 16, d252 post-Mtb, left 
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column), demonstrates an increased abundance of CD68+ macrophages/monocytes (green). In 

MCMV-only infected mice, were, compared to Mtb-infected lungs, only few immune cell infiltrates 

detectable at either time point, with minimal or no visible aggregates of CD19+ B cells, CD3+ T cells, 

or CD68+ macrophages/monocytes observed in the lung sections (Figure 16, right column). 
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Figure 16: MCMV coinfection modulates the spatial distribution of immune cell populations within 
the Mtb-infected lung. Lungs were collected at day 150 and day 252 post Mtb infection, PFA-fixed and 
paraffin embedded. Representative micrographs from lungs of one mouse per group are shown. Group 
sizes were as follows: day 150 –MCMV+Mtb n=7, Mtb-only n=6, MCMV-only n=6; day 252 –MCMV+Mtb 
n=7, Mtb-only n=7, MCMV-only n=7., stained with antibodies to detect B cells (CD19+), T cells (CD3+), 
and macrophages (CD68+); Bar = 800 µm; micrographs in detail bar = 200 µm. 
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Quantification of CD19+ B cells, CD3+ T cells and CD68+ macrophages per mm² lung area confirmed 

these visual observations, revealing a high density of CD19+ B cells during the mid and late phases 

of Mtb infection (days 150 and 252 post-Mtb), which was reduced in coinfected mice and reached 

statistical significance at day 150 post-Mtb (Figure 17A). Similarly, the density of CD3+ T cells was 

highest in the lungs of Mtb-only infected mice, particularly on day 252 post-Mtb infection (Figure 

17B). In contrast, no significant differences were observed in the density of CD68+ macrophages 

between the two groups, although there was a trend towards higher numbers of CD68+ 

macrophages in coinfected mice at day 252 post-Mtb (Figure 17C). This trend is reflected in a 

significantly higher CD68+ macrophage to CD3+ T cell-ratio in the lungs of coinfected mice (Figure 

17D). This is consistent with findings of increased production of the monocyte-attracting chemokine 

CCL2 in coinfected mice (Figure 13C). This also aligns with the elevated levels of IL-1α, IL-1β, and 

TNF, produced by multiple myeloid cell populations including CD68+ inflammatory monocytes and 

macrophages (Figure 11A-C). 

 
Figure 17: Quantitative analysis of immune cell densities in singly and coinfected mice. (A-C) 
Quantification is based on the mean of two images/Whole-Slide Image as shown in Figure 16. The bar 
colors correspond to the fluorescent labels for each cell population in the mIF images—blue for CD19+ 
B cells, magenta for CD3+ T cells, and green for CD68+ macrophages/monocytes—to facilitate direct 
comparison between the quantitative analysis and the visualized immune cell distributions. (D) Ratio of 
CD68⁺ macrophages to CD3⁺ T cells. Data represent results from one experiment (n=5–7). Values are 
presented as mean ± SD. Each data point corresponds to an individual mouse. Statistical significance 
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was assessed using (A-C) two-way ANOVA followed by Tukey’s multiple-comparison test and (D) Pearson 
correlation with simple linear regression. Significance levels: *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001. 

Additionally, analysis of mpt64-positive CD68⁺ monocytes/macrophages was conducted, as mpt64 

is a secreted virulence-associated antigen of Mtb and serves as an established marker for actively 

Mtb-infected cells (249,250). Quantification of CD68⁺mpt64⁺ cells at days 150 and 252 post-Mtb 

infection demonstrated that, while cell numbers were low and comparable across all groups at day 

150 post-Mtb, there was a marked increase in the number of these cells in the coinfected group at 

day 252 post-Mtb (Figure 18). At this later time point, coinfected mice exhibited significantly higher 

counts of CD68⁺mpt64⁺ cells compared to both the Mtb-only and MCMV-only groups. No significant 

differences were observed between the Mtb-only and MCMV-only groups at either time point. This 

difference was also visually evident in the stained lung sections (Figure 19). 

 

Figure 18: Quantitative analysis of CD68⁺mpt64⁺ macrophage/monocyte density in coinfected and 
Mtb-only infected mice. Quantitative analysis of CD68+mpt64+cells is based on the mean of two 
images/Whole-Slide Image as shown in Figure 19. The bar color corresponds to the fluorescent label for 
mpt64+ CD68+ macrophages/monocytes in the mIF images to facilitate direct comparison between the 
quantitative analysis and the visualized immune cell distributions. Data represent results from one 
experiment (n=5–7). Values are presented as mean ± SD. Each data point corresponds to an individual 
mouse. Statistical significance was assessed using two-way ANOVA followed by Tukey’s multiple-
comparison test. Significance levels: p ≤ 0.001 ***; ****p ≤ 0.0001. 
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Figure 19: Immunohistochemical detection of mpt64 in lung sections.  Lungs were collected at day 252 
days post Mtb infection (432 days post MCMV), PFA-fixed and paraffin embedded. Representative 
micrographs from lungs of one mouse per group are shown (out of n=7), stained with antibodies to 
detect mpt64+ macrophages (CD68+); Bar = 800 µm; micrographs in detail bar = 200 µm. White arrows 
indicate mpt64 as an exemplary pathological feature. 

Overall, histological characterization of murine lungs revealed that MCMV coinfection alters the 

lung pathology during TB, with coinfected animals showing reduced B and T cell infiltration, and a 

higher macrophage-to-T cell ratio compared to Mtb-only infected mice. 
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4.3 Summary of key findings: 

• Histological analysis revealed differences in immune cell infiltration between coinfected 

and singly infected mice. 

• Mtb-only infected mice exhibited significantly higher levels of CD19+ B cells during the 

mid and late infection phases, alongside increased CD3+ T cell levels, particularly at day 

252. 

• Coinfected mice demonstrated a higher proportion of CD68+ macrophages compared to 

singly infected mice, reflected by a significantly elevated ratio of CD68+/CD3+ cells at the 

late stage of infection. 

• Coinfection was associated with increased detection of mpt64 antigen at the late stage 

of infection. 

•  
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4.4 Impact of MCMV and Mtb coinfection on macrophage function  

For reference: 

• 2 hours post-Mtb corresponds to 26 hours post-MCMV infection 

• 24 hours post-Mtb corresponds to 48 hours post-MCMV infection 

• 48 hours post-Mtb corresponds to 72 hours post-MCMV infection 

To investigate how MCMV coinfection affects macrophage responses to Mtb, bone marrow-derived 

macrophages (BMDMs) from female C57BL/6 mice were infected with MCMV-Δm157 (MOI 1), 

followed by Mtb H37Rv (MOI 0.3) 24 hours later (Figure 20). The effects described below were 

consistently observed across two independent experiments. 

 

Figure 20: Impact of MCMV coinfection on macrophage activation and bacterial control. (A) Timeline. 
BMDMs isolated from C57BL/6 mice were infected with MCMV-Δm157-WT MOI 1 and one day later 
coinfected with an MOI of 0.3 Mtb H37Rv. (B) At the indicated time points, serial dilutions were plated 
onto Middlebrook 7H11 agar plates for CFU determination. (C) Serial dilutions of cell culture 
supernatants were plated on M2-10B4 cells to determine the plaque forming units (PFU) per mL. (D) 
TNF production was determined in the cell supernatant at the indicated time points. Values are 
presented as mean ± SD from technical triplicates and are representative of two independent 
experiments. 

To assess initial bacterial uptake, Mtb loads were quantified 2 hours post-infection. At this early 

stage, bacterial numbers were comparable between Mtb-only and coinfected BMDMs, indicating 

that prior MCMV infection did not impair macrophage phagocytosis (Figure 20B). After 48 hours, 

CFU counts were 1.5-fold higher in Mtb-only infected BMDMs compared to coinfected cells, 

indicating a trend towards enhanced control in macrophages previously infected with MCMV. Viral 

titers in infected macrophages were assessed by plaque assay (Figure 20C). Quantified viral loads 
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were comparable between MCMV-only infected BMDMs at both 2 and 48 hours post-Mtb infection 

compared to those infected with Mtb. 

To evaluate macrophage activation during (co)infection, TNF, a key cytokine released by 

macrophages upon activation, was quantified in cell culture supernatants. At 2 hours post-Mtb 

infection, TNF levels (Figure 20D) in the supernatant of Mtb-only infected macrophages were 

comparable to those in uninfected controls. In contrast, cells previously infected with MCMV 

exhibited higher TNF levels at this time point. By 24 hours post-Mtb infection, TNF levels in MCMV-

infected macrophages declined, whereas those in Mtb-only infected macrophages increased. At 48 

hours, TNF levels were low and comparable between coinfected and Mtb-only infected 

macrophages. 

In conclusion, MCMV coinfection did not impair macrophage phagocytosis of Mtb but resulted in 

lower Mtb loads at 48 hours post-infection compared to Mtb-only infected macrophages, 

suggesting enhanced control in macrophages previously infected with MCMV. Additionally, MCMV 

infection triggered early TNF production.  

 

4.5 MCMV coinfection shows beneficial effects only in latency 

For reference: 

• Day 280 post-Mtb corresponds to 230 days post-MCMV infection 

• Day 350 post-Mtb corresponds to 300 days post-MCMV infection 

The sequence and timing of coinfections play a crucial role in shaping disease outcomes (101). 

Having observed the positive impact of a preceding latent MCMV infection on disease progression 

during subsequent Mtb infection, it was investigated whether MCMV infection occurring only when 

chronic Mtb infection was already established would have a similar effect. 

To do so, mice were infected with a low dose Mtb H37Rv and, 50 days later - when TB enters a 

chronic but controlled phase - MCMV-Δm157 was administered i.n. (Figure 21). 

 

4.4 Summary of key findings: 

• Bacterial loads were initially comparable between Mtb-only and coinfected BMDMs, 

but lower in coinfected BMDMs after 48 hours. 

• Prior MCMV infection resulted in an early TNF release in Mtb-infected macrophages, in 

contrast to singly infected cells. 

• Viral loads were comparable between coinfected and MCMV-only infected BMDMs. 
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Figure 21: Timeline. C57BL/6 mice were infected with a low dose of Mtb H37Rv and 50 days later i.n. 
infected with 2x105 PFU MCMV-Δm157. 

Again, disease progression was monitored, and bacterial loads in the lungs, mediastinal lymph 

nodes, and spleen were quantified at defined time points, along with viral loads in the lungs. Early 

analyzes (53, 57 and 64 days post-Mtb infection) were conducted to investigate whether an acute 

MCMV infection during the initial phase of coinfection influences Mtb control and to assess the 

potential impact of Mtb infection on viral clearance. Later time points (71, 90, 150, 200, 250 and 

400 days post-Mtb infection) were analyzed to assess the long-term effects of MCMV coinfection 

on Mtb disease progression. Overall, the disease burden observed in these animals was classified 

as moderate (Figure 22A). Clinical scores in coinfected mice began to increase around 280 days 

post-Mtb infection (230 days after MCMV coinfection), whereas Mtb-only mice developed 

symptoms 70 days later (350 days post-Mtb). Notably, coinfected mice displayed significantly 

higher clinical scores compared to both Mtb-only and MCMV-only groups, with the latter 

maintaining consistently low scores throughout the observation period. One coinfected mouse 

reached the predefined endpoint (as described in 4.1) and required euthanasia before the end of 

the observation period (Figure 22B). In contrast, all remaining mice survived the full observation 

period.  

 

Figure 22: Timing of MCMV coinfection determines disease outcome in MCMV/Mtb-infected mice. (A) 
Clinical scores and (B) survival rates were monitored until day 400 post-Mtb infection. Data represent 
results from one experiment (n=7–9). Values are presented as mean ± SD. Each data point corresponds 
to an individual mouse. Statistical significance was assessed using (A) two-way ANOVA with Tukey’s 



Results 

71 

 

multiple comparison test and (B) the log-rank (Mantel-Cox) test. Significance levels: **p ≤ 0.01; ****p ≤ 
0.0001. No statistically significant differences were detected in (B) (p > 0.05).  

Despite higher clinical scores observed in coinfected mice, bacterial loads in the lungs, mediastinal 

lymph nodes, and spleen remained comparable throughout the infection between the Mtb-only 

and coinfected groups. This suggests that the observed clinical deterioration was not a result of 

uncontrolled bacterial replication (Figure 23A-C).  

 
Figure 23: Bacterial burden (CFU) in Mtb-infected mice following MCMV coinfection. At the indicated 
time points, bacterial burden in (A) the lung, (B) lymph node, and (C) spleen was determined. Data 
represent pooled results from three independent experiments (n=6–12). Values are presented as 
mean ± SD. Each data point corresponds to the mean value of all mice in the respective group at each 
time point. Statistical significance was assessed using (A-C) two-way ANOVA followed by Sidak’s multiple 
comparison test. No statistically significant differences were detected in (A-C) (p > 0.05). 

To assess potential links between impaired viral clearance and accelerated disease progression in 

coinfected mice, MCMV genome levels in lung tissue were quantified. Viral loads showed no 

significant differences overall, though a minor reduction in genome copies was observed in 

coinfected mice at day 3 post-MCMV infection (Figure 24).  
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Figure 24: Viral genome quantification in lung tissue capturing acute phase of MCMV infection. 
Quantification of viral genomes by qPCR in lung tissue collected at the indicated time points. Viral 
genome levels were normalized to β-actin. The qPCR limit of detection was defined as 10 genome copies 
per 10⁶ cells. Data represent pooled results from two independent experiments (n=5–10; n.d. = not 
detectable). Values are presented as mean ± SD. Each data point corresponds to an individual mouse. 
Statistical significance was assessed using an unpaired t-test. No statistically significant differences were 
detected (p > 0.05). 

These results suggest that MCMV infection does not inherently confer a beneficial effect in the 

context of coinfections. Instead, the sequence and timing of infection play a decisive role. 

 

 

4.5 Summary of key findings: 

• While survival was not significantly affected, MCMV coinfection following Mtb infection 

led to marked differences in clinical scores.  

• MCMV-only infected mice maintained consistently low clinical score. 

• Despite increased clinical scores, bacterial loads were comparable between Mtb-only 

and coinfected groups. 

• Viral load was comparable between MCMV and coinfected mice and not detectable at 

late stages of infection. 
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4.6 Sequence of infection matters: Limited effects of MCMV after Mtb infection 

For reference: 

• Day 53 post-Mtb corresponds to 3 days post-MCMV infection 

• Day 200 post-Mtb corresponds to 150 days post-MCMV infection 

• Day 400 post-Mtb corresponds to 350 days post-MCMV infection 

Since a preceding latent MCMV infection altered the production of several cytokines and 

chemokines during subsequent Mtb infection (4.2), the question arose how MCMV modulates the 

immunological environment in the lungs when administered during the chronic stage of Mtb 

infection. To this end, multiplex analysis was performed as described previously (3.6.3). This 

approach aimed to determine whether the observed changes in immune cell infiltration were 

specific to latent MCMV infection or if similar alterations occurred when MCMV was introduced 

after chronic Mtb infection. To address this, three representative time points were selected - 53-, 

200-, and 400-days post Mtb infection. These time points were chosen to capture key phases of 

disease: an early stage shortly after MCMV infection (day 53 post-Mtb infection), a mid-phase of 

chronic infection (day 200 post-Mtb infection), and a late stage when long-term effects could be 

assessed (day 400 post-Mtb infection.  The heat maps in Figure 25 provide a comparative overview 

of cytokine levels in lung homogenates across the three experimental groups at various time points. 

After initial observation, it is noticeable that among the cytokines measured, IL-1α exhibited the 

highest expression levels in both coinfected and Mtb-only infected animals, consistent with its 

elevated levels previously observed in the latent MCMV infection model (Figure 25A, B). In contrast, 

its levels remained low in MCMV-only infected mice at all time points (Figure 25C). 

 
Figure 25: Overview of cytokine levels measured in lung tissue at different time points post-MCMV 
coinfection. Heat maps of cytokine levels in lung homogenates from (A) coinfected, (B) Mtb-infected or 
(C) MCMV-infected mice, showing the mean concentration for each cytokine. Data represent pooled 
results from two independent experiments (n=6–10). Cytokine concentrations are presented in pg/mL, 
with color intensity reflecting cytokine levels (scale: 0–3200 pg/mL). 
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Figure 26: Cytokine responses in lungs of Mtb-infected mice with or without subsequent MCMV 
coinfection. Concentration of selected cytokines (A-F) at representative time points. Data represent 
pooled results from two independent experiments (n=6–10; LOQ = Limit of Quantification). Values are 
presented as mean ± SD. Each data point corresponds to an individual mouse. Statistical significance 
was assessed using (A-F) two-way ANOVA followed by Tukey’s multiple-comparison test. Significance 
levels:  *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001. 

A closer examination of the heat maps revealed that IL-1 α steadily increased in both groups over 

time, showing significantly higher levels in coinfected lungs compared to Mtb infected lungs on day 

200 post-Mtb infection (Figure 26A). In contrast, IL-1β levels (Figure 26B) remained consistently low 

across all groups until day 400 post-Mtb infection, when it increased in some of the Mtb-only and 

coinfected mice. At this stage, IL-1β concentrations were comparable between these groups.   

TNF levels (Figure 26C) increased late during infection in both groups, following an initial increase 

in coinfected mice 53 days after Mtb infection (day 53 post-Mtb). Similarly, IFN-γ exhibited a small 

increase on day 53 post-Mtb infection (Figure 26D) and remained low throughout the mid and late 

phases, except for a few outliers with elevated levels observed in both the Mtb-only and coinfected 

groups. In contrast, the level of all four cytokines remained low in MCMV-only infected mice 

throughout the observation time. Unlike the steady increase observed in the aforementioned 
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cytokines, IL-27 levels peaked early after MCMV infection in all three groups (Figure 26E) and 

declined over the course of the experiment, with no significant differences between the groups. IL-

23 was significantly elevated 3 days after MCMV infection in MCMV-only infected mice but 

remained at low levels thereafter, with no significant differences between groups at later time 

points (Figure 26F). The remaining cytokines exhibited comparable levels across all groups and time 

points and are thus not shown individually. 

As for the chemokines, the heat maps illustrate that Mtb-infected animals exhibited an increase in 

chemokine levels at day 400 post-Mtb infection, corresponding to the late phase of infection (Figure 

27A, B). In contrast, MCMV-only mice showed moderate elevations in a few chemokines at the final 

time point analyzed but, consistent with findings from the latency phase, overall chemokine levels 

remained largely unchanged in MCMV-only infected mice (Figure 27C).  

 

Figure 27: Heat maps of Chemokine expression following MCMV coinfection. Heat maps of chemokine 
levels in lung homogenates from (A) coinfected, (B) Mtb-infected or (C) MCMV-infected mice, showing 
the mean concentration for each chemokine. Data represent pooled results from two independent 
experiments (n=6–10). Chemokine concentrations are presented in pg/mL, with color intensity 
reflecting chemokine levels (scale: 0–18,000 pg/mL).  

A closer examination of chemokine levels showed that CXCL9 and CXCL10 only increased 

significantly during the late stages of Mtb infection, and the MCMV coinfection had no significant 

impact on their production (Figure 28A, B). In contrast, CCL2 levels rose immediately after MCMV 

coinfection (day 53 post-Mtb infection; Figure 28C), reaching significantly higher levels in coinfected 

compared to Mtb infected mice. Over time, the levels decreased, with no difference observed 

between Mtb-only and coinfected animals. The levels of all three chemokines remained low in the 

MCMV-only infected animals. The remaining chemokines exhibited comparable levels across all 

groups and time points and are thus not shown individually. 
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Figure 28: Quantitative analysis of selected chemokines after MCMV coinfection. Concentration of (A) 
CXCL9, (B) CXCL10 and (C) CCL2 at representative time points. Data represent pooled results from two 
independent experiments (n=5–8; LOQ = Limit of Quantification). Values are presented as mean ± SD. 
Each data point corresponds to an individual mouse. Statistical significance was assessed (A-C) using 
two-way ANOVA followed by Tukey’s multiple-comparison test. Significance levels: *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001; ****p ≤ 0.0001. 

In summary, overall cytokine and chemokine levels remained largely comparable between 

coinfected and singly infected mice, suggesting that MCMV has minimal impact on the cytokine and 

chemokine landscape once Mtb infection has reached its chronic phase. 

 

  

4.6 Summary of key findings: 

• Post-Mtb MCMV infection had minimal impact on cytokine and chemokine responses. 

• IL-1α increased over time in all groups, with slightly higher levels in coinfected mice at 

day 200. 

• TNF and IFN-γ peaked early in coinfected mice, but remained low thereafter. 

• CXCL9 and CXCL10 increased during late-stage Mtb infection, independent of 

coinfection. 

• CCL2 showed an early peak in coinfected mice, later reaching levels comparable to Mtb-

only. 

• MCMV-only mice exhibited consistently low cytokine and chemokine levels. 
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5 Discussion 

Epidemiological studies indicate that HCMV infection is associated with an increased risk of 

progression from latent to active TB (101,178–181,185,236,237). Nevertheless, it remains unclear 

which aspects of host immunity are influenced by HCMV during Mtb infection. Building on these 

observations, this study employed a murine coinfection model to investigate the 

immunopathological interplay between MCMV coinfection and TB disease progression, revealing 

unexpected beneficial interactions that challenge conventional paradigms of viral-bacterial 

coinfection. 

5.1 Impact of latent MCMV on TB disease progression in coinfected mice 

In the latency model, confirming the presence of latent MCMV was essential to ensure that 

observed effects were attributable to viral latency; however, this task proved exceptionally 

challenging. Despite repeated testing, latent MCMV genomes were inconsistently detected in 

MCMV-infected mice. Furthermore, clinical scores in the MCMV-only group remained unchanged 

throughout the experiment. These findings raise questions about (i) the reliability of the latent 

MCMV detection method and (ii) whether mice with undetectable viral DNA were truly infected, 

especially in the absence of clinical symptoms such as weight loss or behavioural changes. The 

validity of the infection model must therefore be critically assessed.   

One possible explanation for the inconsistent detection of latent MCMV genomes in the infection 

model employed in this study may lie in the use of the intranasal infection route. In this study, 

MCMV infection was established via the intranasal route, which closely mimics the natural 

transmission pathway of cytomegaloviruses in both mice and humans (251). While most 

experimental studies employ parenteral routes such as intraperitoneal, subcutaneous, or 

intravenous injection for reasons of efficiency and control, the intranasal route offers greater 

physiological relevance by targeting the respiratory mucosa, the natural portal of entry (252). 

However, this approach presents unique challenges, including lower efficiency and increased 

variability in infection outcomes. For instance, parenteral routes (e.g., intraperitoneal) deliver a 

standardized viral inoculum directly into systemic circulation, ensuring consistent dissemination, 

whereas intranasal administration inherently introduces variability due to mucosal barriers, 

mucociliary clearance, and uneven deposition in the respiratory tract (251). These factors can lead 

to significant mouse-to-mouse differences in initial viral uptake, potentially contributing to the 

variable detection of latent MCMV genomes observed in the current study. 
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Previous studies have shown that latent CMV persists in reservoir tissues such as the lungs and 

salivary glands without detectable viral replication under immunocompetent conditions 

(242,253,254). Further, it was shown that reactivation typically occurs only under 

immunosuppression or systemic inflammation, which can trigger viral gene expression and 

transition from latency to productive infection (198,255).  

However, quantifying latent MCMV is inherently challenging due to its non-replicative state, and 

distinguishing true latency from low-level chronic replication remains difficult. If genome copy 

numbers fall below detection limits, it is unclear whether the virus has been cleared or persists at 

undetectable levels.  While viral load measurements were not performed directly after MCMV 

infection in the latency-focused cohort, analysis in the infection model with reversed infection 

sequence—where MCMV was administered after Mtb infection (Figure 24)—detected viral 

genomes in the lung at both 3 and 7 days post-MCMV infection. These early measurements provide 

a useful baseline for acute-phase viral replication, which may help to interpret later findings and, in 

principle, allow for a distinction between active replication, low-level persistence, and true latency 

at later time points, such as six months post-infection. Since all infection parameters, including virus 

strain, dose, and route, were identical in both infection models, it is reasonable to assume that the 

initial infection dynamics were comparable across experiments. This interpretation is further 

supported by established models (11), which indicate that MCMV latency is typically established by 

six months post-infection under these conditions. Therefore, although some uncertainty remains, 

it appears likely that the observed effects in the coinfection cohort are attributable to latent MCMV 

infection. 

Future studies could address detection limitations by employing more sensitive techniques such as 

digital droplet PCR (ddPCR) for absolute genome quantification, or in situ hybridization for single-

cell visualization of viral DNA or transcripts (158,256). Chromatin immunoprecipitation (ChIP) 

targeting histone modifications associated with viral genome silencing (257) and targeted genome 

enrichment with deep sequencing (258) may further clarify transcriptional activity during latency. 

The absence of overt disease symptoms in C57BL/6 mice following MCMV-Δm157 infection does 

not compromise the validity of the model. Rather, it reflects the strain’s intrinsic resistance and the 

subclinical infection dose (2 × 10⁵ PFU) administered intranasally. C57BL/6 mice are known to 

mount effective antiviral responses against MCMV, even in the absence of Ly49H⁺ NK cell 

recognition, as demonstrated by studies using the Δm157 mutant. This compensatory immunity is 

driven by robust IFN-γ–mediated responses and heightened CD8⁺ T cell activation, which suppress 
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viral replication and pathology, even in the absence of Ly49H  (259–262). This phenotype parallels 

HCMV infection, where viral genomes persist asymptomatically in immunocompetent humans. The 

absence of reactivation in immunocompetent C57BL/6 mice mirrors the clinical stability of HCMV 

latency, where immune pressure prevents viral recrudescence unless immunosuppression occurs 

(263,264). 

Clinical presentation varies between mouse strains:  BALB/c mice develop severe symptoms after 

MCMV infection (265,266), while C57BL/6 mice remain asymptomatic under standard infection 

protocols (≤10⁵ PFU, intranasal/i.p.) due to Ly49H⁺-NK cell and/or CD8⁺ T cell-mediated control. 

Higher infection doses of MCMV-Δm157 (≥10⁶ PFU i.p.) can induce transient weight loss and hepatic 

pathology in C57BL/6 mice, but without systemic clinical scores. Susceptibility also varies between 

strains, as shown by Oduro et al. (242), where the same MCMV strain and inoculum as used in the 

present study, delivered intranasally, resulted in significantly higher viral loads in the lungs after six 

months in 129/Sv mice (a more susceptible background). Thus, a consistently low clinical score in 

MCMV-only infected mice in the current model should not be interpreted as evidence of absent 

infection, but rather as an outcome of host resistance and viral control below the threshold of 

clinical detection. 

Contrary to initial expectations, latent MCMV infection did not exacerbate TB progression but 

instead improved disease outcomes, reducing mortality without affecting bacterial loads. This 

suggests that latent MCMV enhances disease tolerance rather than bacterial control, contrary to 

the exacerbated disease severity reported in viral-bacterial coinfections. 

No evidence of MCMV reactivation was observed following Mtb infection, as viral genome loads 

remained low in lung tissues. This contrasts with human studies, where CMV reactivation in TB 

patients is typically reported in the context of extrinsic immunosuppressive factors, such as 

immunosuppressive therapies (e.g., corticosteroids, TNF inhibitors) (185,255,267). Further 

investigation is needed to explore whether transient reactivation events occurred undetected due 

to the timing of analysis. Since Mtb-induced immune modulation evolves gradually, the chosen time 

points in this thesis may not have captured potential reactivation events (268). Future studies 

should explore later time points to fully assess the impact of Mtb infection on MCMV latency. 

Furthermore, longitudinal harvesting of lungs and salivary glands at defined intervals during the 

latency phase (e.g., monthly over six months) would provide valuable insights into the dynamics of 

latent viral reservoirs and their interaction with host immunity prior to Mtb coinfection. Such data 

could clarify whether fluctuations in viral genome detection reflect true latency or low-level chronic 
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replication. These findings reinforce the idea that while MCMV remained latent in this coinfection 

model, the potential for reactivation still exists under immunocompromised conditions.  

The exclusive use of female C57BL/6 mice in this study was a deliberate choice, driven by practical 

considerations such as reduced aggression during group housing. In addition, the use of female 

mice is consistent with the majority of published studies investigating Mtb H37Rv and MCMV 

infection in this model (102,269–271). This approach enhances the comparability of our results and 

provided a controlled experimental framework to investigate the immunomodulatory effects of 

MCMV infection on Mtb disease progression. Female mice, with stronger Th1-driven immunity and 

a more pronounced type I interferon response, may better reveal protective or detrimental effects 

of latent MCMV. In males, these effects could be less pronounced due to testosterone-driven 

immunosuppression and a weaker type I IFN response (272–274).  Sex differences in CMV 

susceptibility further underscore the relevance of this model. In murine studies, male mice exhibit 

greater resistance to systemic MCMV infection. This resistance is linked to higher TLR9 expression, 

stronger neutrophil recruitment, and reduced liver inflammation compared to females (275). The 

sex bias in MCMV susceptibility is TLR9-dependent, as TLR9-deficient mice show no sex differences 

(275). In humans, latent CMV infection drives larger pro-inflammatory T-cell responses in males, 

while females are more susceptible to tissue-invasive CMV disease post-transplantation (276). 

These findings are similar to what is seen in TB, where enhanced type I IFN and Th1 responses in 

females improve pathogen control but may increase immunopathology risk (277). 

Including male cohorts in future studies would enhance translational relevance, given the male-

biased TB incidence in humans (278) and the interplay between CMV-driven sex differences and 

hormonal-immune cross-talk. For instance, testosterone-mediated suppression of IFN-γ and IL-12 

pathways might attenuate the protective effects of latent MCMV, while heightened IL-1β/TNF 

responses could exacerbate immunopathology, as observed in sex-stratified inflammatory models 

(279). Exploring these differences would clarify how hormonal versus chromosomal factors shape 

immune interactions in coinfection and improve the clinical applicability of findings (280). 

While HCMV infection in humans is often linked to immunosenescence and increased susceptibility 

to infections (281), emerging evidence suggests that its impact on immune function is more 

complex and may vary throughout the lifespan (282–285). Although persistent viral infections are 

generally regarded as detrimental, certain aspects of latency-driven immune remodelling might 

confer advantages in specific pathogen encounters. For example, herpesviruses such as CMV and 

Epstein-Barr virus (EBV) have been shown to modulate immune responses in ways that could 

explain such protective effects. For instance, Sandalova et al. demonstrated that during acute 
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hepatitis B virus (HBV) infection, CMV- and EBV-specific CD8⁺ T cells contributed significantly to the 

expansion of the activated CD8⁺ T cell pool in humans (285). These virus-specific T cells exhibited 

heightened activation and increased IFN-γ production in response to HBV infection, suggesting an 

enhanced effector functionality. 

These observations align with murine studies demonstrating that prior MCMV infection protects 

against heterologous pathogens (40,41), highlighting the potential of latency-driven immune 

modulation to reshape host defense strategies. Importantly, it was shown that this protective effect 

is not restricted to viral infections but also extends to bacterial pathogens. For instance, latent 

MCMV infection has been shown to provide protection against Listeria monocytogenes and Yersinia 

pestis, mediated by the sustained activation of macrophages and prolonged production of IFN-γ 

and TNF (286). This led to a notable decrease in bacterial load, emphasizing the potential of latency-

driven immune modulation to enhance host defence in animal models. 

In this study, improved TB outcomes were observed in the absence of reduced bacterial loads, 

indicating that latent MCMV enhances the host’s ability to tolerate Mtb infection through immune 

modulation rather than by directly limiting pathogen burden. These findings add to a growing body 

of evidence that persistent viral infections can, under certain conditions, confer beneficial effects 

by reshaping immune dynamics and promoting disease tolerance. 

5.2 The impact of coinfection on the inflammatory environment in the lungs  

The observation that improved disease outcomes in coinfected animals occurred without 

differences in bacterial or viral loads suggests that the protective effects of latent MCMV infection 

are mediated by immune modulation rather than direct pathogen control. Elevated levels of 

proinflammatory cytokines such as IL-1α, IL-1β, and TNF in coinfected mice indicate heightened 

macrophage activation and enhanced inflammasome signaling, potentially driven by immune 

priming through latent MCMV infection (287,288). These cytokines are critical for granuloma 

formation and pathogen containment (289–291) but can also contribute to immunopathology 

when dysregulated (287). Interestingly, delayed upregulation of IL-1β during the late phase of 

infection (d252 post-Mtb; 432 days post-MCMV) suggests temporal regulation of inflammatory 

responses, potentially contributing to improved disease tolerance rather (292,293). Whether this 

upregulation results from direct MCMV-driven immune modulation or altered immune cell 

composition in the lung remains unclear. Further studies are needed to clarify these mechanisms. 

Cytokine levels in coinfected animals may be optimally regulated to balance protective 

inflammation with tissue preservation. For instance, early elevation of IFN-γ may have enhanced 
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TNF and IL-1 production, promoting effective immune responses and granuloma formation. TNF is 

pivotal in coordinating the chemokine response in the Mtb-infected lung, working synergistically 

with IFN-γ to enhance macrophage activation and facilitate protective granulomatous responses 

(294,295)—a phenomenon also described in viral-bacterial coinfections, where prior viral pathogen 

exposure primes monocytes and macrophages for heightened responsiveness to subsequent 

bacterial challenge (286). IFN-γ may also mitigate immunopathology through mechanisms such as 

Indoleamine-2,3-dioxygenase (IDO) induction and regulatory T cell (Treg) expansion (81,296–299). 

IDO, triggered by IFN-γ in dendritic cells (DCs), depletes tryptophan and generates 

immunosuppressive metabolites that promote FoxP3⁺ Treg development while suppressing 

effector T cell responses (300–304). These processes dampen excessive T cell activation and favor 

tissue preservation over destructive inflammation. A similar effect was observed by Gbedande et 

al., where MCMV-induced IFN-γ provided cross-protection against Plasmodium chabaudi by 

promoting CD8α⁺ dendritic cell expansion and IL-12 production, enabling a robust adaptive immune 

response during secondary infections.  

Regulatory T cells (Tregs) likely play a complementary role in modulating the immune response 

during coinfection. Latent MCMV infection has been shown to expand Treg populations, which are 

critical for maintaining viral latency and controlling excessive inflammation (305). Although not 

directly assessed in this study, Tregs may contribute to restraining hyperinflammatory responses 

through IL-2 sequestration, CTLA-4-mediated suppression of dendritic cell activation, and secretion 

of tissue-protective factors such as amphiregulin and IL-10. These mechanisms could synergize with 

IFN-γ-driven tolerance pathways to sustain a balanced inflammatory response that supports 

granuloma integrity while preventing tissue damage (255,306). 

Delayed IL-1β upregulation may reflect a secondary wave of immune regulation, preserving 

granuloma integrity while limiting bacterial dissemination. While early inflammasome activity was 

likely restrained by IFN-γ-induced S-nitrosylation of NLRP3 (307–309), the subsequent release of 

this inhibition during late infection may have allowed for a controlled increase in IL-1β production 

(287).  

Chemokines such as CXCL9, CXCL10, and CCL2 were also elevated in coinfected animals and likely 

played a role in recruiting monocytes and T cells to the lung (287,310–312). CXCL9 and CXCL10 are 

induced by IFN-γ and TNF and recruit CXCR3⁺ effector cells to sites of infection (310,311). This 

chemokine-driven recruitment may enhance granuloma stability and pathogen containment 

without triggering excessive inflammation (311). Similarly, CCL2 facilitates the recruitment of CCR2⁺ 
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monocytes, which are essential for phagocytosis and bacterial control (287,288). The sustained 

elevation of these chemokines suggests that MCMV-induced immune imprinting creates a 

microenvironment optimized for cellular crosstalk during Mtb infection. 

The expression patterns of IL-23 and IL-27 further illustrate how prior MCMV infection modulates 

immune responses. Early elevations of these cytokines in MCMV-only infected mice suggest virus-

driven modulation that tempers inflammation (313). Both cytokines are known to play dual roles in 

TB pathogenesis: IL-27 regulates Th1 responses by promoting early IFN-γ production before shifting 

to immunosuppressive functions that curb excessive inflammation (313,314), while IL-23 sustains 

CCL2-mediated monocyte recruitment and granuloma stabilization (315,316). 

Notably, coinfected animals exhibited a delayed IL-23/IL-27 peak, indicating a temporal shift in 

immune dynamics that aligns with sustained immune activation. This delayed increase may indicate 

MCMV-induced imprinting for regulated, long-term cytokine production. The persistence of IL-23 

in both MCMV-only and coinfected mice supports a microenvironment conducive to balancing 

inflammation and bacterial containment. IL-23 has been implicated in maintaining CCL2 production 

and granuloma stability during chronic Mtb infection, which aligns with its delayed elevation in 

coinfected animals (315,316). In contrast, Mtb-only infected mice showed lower IL-23 levels, 

underscoring the unique immune adaptability conferred by prior MCMV infection—a phenomenon 

that likely contributes to the improved survival observed in coinfected animals. 

These findings align with broader evidence of immune imprinting, such as during the COVID-19 

pandemic, where prior exposure shaped responses to subsequent strains (317). Similarly, MCMV-

induced imprinting may enhance the host’s capacity to regulate inflammation during Mtb 

coinfection, promoting disease tolerance without compromising pathogen control. 

Overall, prior MCMV infection establishes a distinct immunological baseline characterized by 

heightened but regulated inflammation, enhancing disease tolerance rather than directly 

influencing bacterial clearance. However, the precise mechanisms—whether due to direct immune 

reprogramming or secondary effects—require further investigation. 

5.3 Prior MCMV infection alters pulmonary pathology in coinfected mice 

To determine whether cytokine and chemokine differences were reflected in lung pathology, H&E 

and mIF staining were performed. Increased cytokine and chemokine expression in coinfected mice 

suggested heightened immune cell infiltration and inflammation. Paradoxically, T cell-recruiting 
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chemokines were elevated, while T and B cell abundance was reduced in coinfected mice, raising 

questions about how prior viral infection reshapes host immunity.  

This reduction may result from suppressed recruitment, altered trafficking, or functional changes 

in T and B cells due to persistent viral-driven modulation (318,319). Given that Mtb-only infected 

mice showed significantly higher levels of CD3⁺ T cells in the late phase and CD19⁺ B cells during 

mid- and late infection, the reduced abundance of these cells in coinfected animals underscores 

the potential long-term effects of MCMV latency on adaptive immunity. 

Several mechanisms could contribute to this phenomenon. Chronic viral infections, like CMV, have 

been shown to induce profound and long-lasting alterations in the adaptive immune system, 

including T cell exhaustion, redistribution, or sequestration in non-lymphoid tissues (318). 

Additionally, MCMV infection may induce a competitive immune environment where virus-specific 

T cells undergo expansion at the expense of Mtb-specific T cells, effectively diluting the pool of 

available effector cells capable of responding to Mtb infection (319). 

Early immune priming through IFN-γ during the initial phase of coinfection (day 21 post-Mtb; 201 

days post-MCMV) may also contribute to this shift by reinforcing an innate immune strategy over 

an adaptive one. IFN-γ is a potent macrophage activator that suppresses neutrophil recruitment by 

inhibiting IL-17 production (320,321). While neutrophils play a dual role in TB—contributing to early 

pathogen clearance but exacerbating tissue damage when dysregulated—IFN-γ-driven suppression 

may favor monocyte and macrophage accumulation at infection sites (322). This is consistent with 

findings by Kim et al., who demonstrated that IFN-γ promotes monocyte differentiation and 

enhances macrophage accumulation at sites of infection (182). Neutrophils — although not 

examined in this study — could be an intriguing focus for future investigations.  

Latent viral infections are known to induce epigenetic reprogramming via histone modifications in 

myeloid cells, enhancing antimicrobial functions (323). Although not directly assessed here, such 

mechanisms could explain the lasting effects of MCMV-induced imprinting on macrophage 

activation. 

Supporting this hypothesis, coinfected mice exhibited a significantly increased CD68⁺ macrophage-

to-CD3⁺ T cell ratio during late infection stages (day 252 post-Mtb; equivalent to 432 days post-

MCMV suggesting a shift toward macrophage-oriented immune response. The elevated ratio was 

paralleled by an increased number of CD68⁺ macrophages and higher levels of CCL2, a key 

monocyte chemoattractant known to promote macrophage recruitment and differentiation 

(287,288,310). These findings are consistent with previous studies highlighting the role of 

macrophages in bacterial containment within granulomas, where they limit pathogen 
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dissemination and help mitigate immunopathology (45,55). The increase in CD68⁺mpt64⁺ 

macrophages observed in the coinfected group at the late infection timepoint (day 252 post-Mtb) 

may reflect altered immune cell infiltration or increased antigen exposure in the lung 

microenvironment. This accumulation of macrophages with Mtb-antigen contact could be 

consistent with a sustained or potentially reactivated immune response against Mtb in the presence 

of pre-existing MCMV infection, although alternative explanations cannot be excluded. The lower 

cell counts in both singly infected groups (Mtb-only and MCMV-only) suggest that this effect may 

be related to the coinfection state, but the substantial variability within the coinfected group, as 

indicated by the wide range of data points, may reflect individual differences in immune response 

or disease stage. While these findings are in line with the hypothesis that MCMV infection can 

influence immune cell composition and activation during Mtb infection, the functional significance 

of this observation remains uncertain. It should also be considered that MPT64 is a secreted antigen 

and its detection in macrophages does not necessarily indicate direct bacterial infection, as it may 

also result from uptake of extracellular antigen or debris from infected cells (249,250). Without 

additional data on macrophage function, bacterial burden, or disease outcomes, it is difficult to 

determine whether this shift reflects enhanced antimycobacterial activity, impaired bacterial 

control, or other changes in lung pathology. Further studies are needed to clarify the functional 

implications of these observations. 

The interplay between macrophage recruitment, bacterial containment, and reduced adaptive 

immune responses in coinfected mice raises questions regarding immune tolerance and host-

pathogen interactions. While T cells are typically essential for mounting an effective immune 

response against Mtb, excessive or dysregulated T cell activity has been associated with severe 

immunopathology (324). It is possible that the reduction in T cell infiltration observed represents 

an adaptive mechanism where MCMV-induced immune modulation prevents excessive T cell-

mediated inflammation, thereby reducing tissue damage (167). This notion aligns with findings 

from Almanan et al., who demonstrated that latent MCMV infection increases regulatory T cells 

(Tregs) in tissues as the salivary glands, leading to suppressed effector T cell responses (305). While 

this has been observed in other tissues, it remains unclear whether a similar mechanism occurs in 

the lungs during MCMV-Mtb coinfection. 

The broader implications of these findings extend beyond TB pathogenesis. Chronic viral infections 

can induce durable changes through immune imprinting that alters responses to subsequent 

infections  (318,325). In this context, latent MCMV infection may establish a immune environment 

where macrophage-driven regulation takes precedence over conventional T cell-driven responses. 



Discussion 

86 

 

Similar observations have been made during HCMV infections where latently infected monocytes 

modulate innate immunity by inhibiting neutrophil recruitment through downregulation of 

S100A8/S100A9 expression (326). If similar mechanisms occur here, they could explain preferential 

recruitment of monocyte-derived macrophages observed during coinfection. 

Collectively, these findings suggest that coinfection influences immunity to promote effective Mtb 

control while minimizing immunopathology during persistent infection. The increased macrophage-

to-T cell ratio driven by CCL2-mediated monocyte recruitment and IFN-γ priming indicates how 

latent viral infections reprogram host defenses against bacterial pathogens. Understanding how 

viral latency modulates immunity could inform host-directed therapies aimed at optimizing 

responses while minimizing tissue damage. Future studies should assess molecular mechanisms 

underlying this remodeling—particularly viral imprinting’s role—and evaluate neutrophil dynamics 

alongside macrophage activation states for deeper insights into MCMV’s impact on TB immunity. 

5.4 MCMV-Mtb coinfection at the macrophage level 

Macrophages are key target cells for both Mtb and MCMV (327,328), making them central to 

understanding how prior MCMV infection modulates the immune response during Mtb coinfection. 

While CMV has been reported to impair macrophage functions such as phagocytosis and TNF 

production (329), this study suggests a more nuanced interaction. MCMV-infected macrophages 

retained phagocytic capacity for Mtb, comparable to naïve macrophages, indicating that viral 

infection does not universally suppress bacterial uptake.  

However, the distinct kinetic profile of TNF expression observed in MCMV-infected macrophages 

emphasizes the dynamic interplay between viruses and bacteria. TNF levels were elevated early in 

MCMV-infected macrophages but declined 24 hours later, suggesting a rapid but transient TNF 

response, while Mtb infection leads to a delayed and more sustained TNF production in Mtb-only 

infected BMDMs. In coinfected macrophages, TNF levels at early timepoints are higher than in Mtb-

only infected cells but do not reach the peak observed with MCMV-only infection. This transient 

TNF response may reflect early macrophage activation followed by MCMV-mediated immune 

evasion. Viral proteins that interfere with NF-κB signaling and inflammasome activation (330–332) 

likely contribute to this suppression, while anti-inflammatory cytokines such as IL-10 may further 

dampen prolonged inflammation (333,334). Interestingly, Mtb itself employs virulence factors like 

lipoarabinomannan (LAM) to suppress TNF via SOCS-mediated pathways (335), potentially 

exacerbating the immunosuppressive environment created by MCMV. 
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Notably, the timing and multiplicity of infection (MOI) likely play critical roles. In the experimental 

model employed here, Mtb was introduced 24 hours after MCMV infection at a low MOI of 0.3. This 

setup may capture an early activation phase of macrophages prior to the onset of extensive viral 

immune evasion. Low MOI infections are known to stimulate macrophage activation without 

inducing excessive stress or cell death, allowing them to initiate proinflammatory responses (336). 

Furthermore, the 24-hour gap between MCMV and Mtb infection may allow macrophages to enter 

a preactivated state before MCMV-mediated immune suppression becomes fully effective (337–

339).  

The slow intracellular replication cycle of Mtb compared to other pathogens like Legionella 

pneumophila may provide a temporal window for macrophages to mount antimicrobial defenses 

before viral suppression becomes dominant (340–343). 

Macrophages are major producers of TNF and are also highly responsive to it, so early TNF induction 

in MCMV-infected and coinfected macrophages may not only reflect a state of preactivation, but it 

could also contribute to enhanced bacterial control in an autocrine manner. TNF promotes 

antimicrobial activity by facilitating phagolysosome maturation, reactive oxygen species (ROS) 

production, and apoptosis of infected cells—particularly when synergizing with IFN-γ, another key 

macrophage activator (344,345). Whether IFN-γ signaling is altered during coinfection was not 

investigated in this thesis, but future studies should directly address this axis, given the importance 

of TNF and IFN-γ synergy in Mtb control (294).  

Future studies should explore whether MCMV-induced immune imprinting alters long-term 

macrophage activation states or promotes epigenetic reprogramming that enhances bacterial 

containment. Additionally, evaluating the role of neutrophil dynamics and regulatory cytokines like 

IL-10 in shaping the immune environment during coinfection could provide critical insights into how 

pathogens co-opt host responses for persistence. 

5.5 Timing matters: MCMV coinfection benefits are limited to latency 

Having observed the beneficial effects of latent MCMV on subsequent Mtb infection, it was next 

investigated whether reversing the infection sequence would alter disease outcomes. 

Interestingly, this infection resulted in exacerbated disease progression in coinfected mice, despite 

comparable bacterial and viral loads. This suggests that the observed effects are not merely a 

consequence of pathogen burden but rather reflect broader immune modulation triggered by 

MCMV.  

Similar findings have been reported in other models, where coinfections modulate disease severity 

through immune-mediated mechanisms rather than direct effects on pathogen replication. For 
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instance, Gonzalez et al. demonstrated that coinfection with rhinovirus or murine coronavirus 

attenuates influenza A virus severity by modulating immune signaling pathways—particularly 

through controlled early inflammatory responses—despite unchanged viral titers (346,347). The 

observed disease exacerbation in this study supports the influence of infection timing and sequence 

on disease outcomes, a concept that has been confirmed by numerous studies in the past 

(185,325,348–350). Specifically, the immune system’s response to an acute viral infection in the 

context of an existing chronic bacterial infection may lead to dysregulated immune signaling, 

increased inflammation, or altered macrophage function, thereby exacerbating pathology despite 

stable pathogen loads (351). The data from the current study are consistent with the hypothesis 

proposed by Cobelens and colleagues that immunologically active CMV infections-whether primary 

infection, reactivation, or reinfection-can drive the transition from latent TB infection to active TB 

disease (101). This is in line with the broader understanding that viral infections can serve as 

immune modulators, tipping the balance of immune homeostasis toward pathogen reactivation or 

increased disease severity (352,353). Together with the observations that latent MCMV exerts a 

different effect, this study indicate that it is not merely the presence of MCMV, but rather the phase 

of infection, that critically determines disease outcomes during coinfection. 

Cytokine and chemokine profiles further illustrate the distinct immune dynamics depending on the 

timing of viral exposure.  While latent MCMV infection resulted in cytokine shifts during Mtb 

coinfection, acute MCMV infection during chronic Mtb infection had minimal impact on chemokine 

responses like CXCL9 and CXCL10. CCL2 expression showed different kinetics, remaining 

persistently high in coinfected mice but declining in MCMV-only infected animals during later 

stages. Proinflammatory cytokines—including IL-1α, IL-1β, TNF, and IFN-γ—were significantly 

elevated at late time points (day 400 post-Mtb infection) in Mtb-only infected animals but remained 

markedly lower in coinfected mice. These results suggest that pre-existing latent MCMV infection 

modulates immune responses more than acute viral exposure during ongoing bacterial infection.  

Age-related differences between experimental groups may also contribute to these findings. Mice 

with prior latent MCMV infection were approximately 130 days older at the time of Mtb exposure 

compared to those receiving MCMV 50 days after Mtb infection. Aging is associated with a 

phenomenon known as inflammaging—a chronic low-grade inflammatory state driven by 

immunosenescence and cumulative antigen exposure (354,355). Elevated baseline levels of 

proinflammatory mediators such as IL-6 and TNF may mask infection-induced cytokine shifts in 

older mice. Interestingly, latent MCMV itself may counterbalance inflammaging through regulatory 

Treg-mediated immunomodulation. Studies have shown that latent CMV expands Treg populations, 
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which suppress excessive inflammation and maintain viral latency by limiting effector T cell 

activation (356). In this model, latent MCMV-induced Treg activity may attenuate age-related 

inflammation, creating a buffered immune environment that alters cytokine landscapes during Mtb 

coinfection. 

Overall, these findings indicate that the timing of MCMV infection relative to Mtb exposure is a 

determinant of immune responses, with distinct cytokine dynamics observed depending on 

whether MCMV was introduced before or after Mtb infection. 

While age-related inflammaging and latent MCMV-induced immune modulation may alter cytokine 

landscapes, these immunoregulatory mechanisms could also influence viral persistence. Notably, 

by day 400 post-Mtb infection (equivalent to 350 days post-MCMV infection), MCMV was no longer 

detectable in both groups. This contrasts with the latency model, where viral genomes were still 

detectable in most mice six months after MCMV infection (5.1). This discrepancy may reflect time-

dependent attrition of latent reservoirs and/or Mtb coinfection-driven immune pressure. 

MCMV latency in mice is not universally lifelong, as latent genomes in lymphoid and stromal tissues 

exhibit progressive attrition over time. While viral reservoirs persist detectable in spleen, kidney, 

and salivary glands for months, studies demonstrate a >99% decline in latent genomes between 6–

18 months post-infection. This attrition is accelerated in aged mice due to depletion of lymphatic 

endothelial cells (LECs), a key latency niche (357). In this coinfection model, the extended timeline 

(350 dpi ≈12 months) exceeds typical latency studies (≤6 months), allowing sufficient time for age-

related mechanisms to eliminate residual virus. Consequently, viral genomes may fall below 

detection thresholds, explaining the absence of MCMV in our late-stage coinfected mice compared 

to shorter-term latency models. 

MCMV latency is defined by genome persistence without production of infectious virus. However, 

even latent genomes can eventually be fully cleared. For example, latent MCMV genomes in splenic 

stromal cells decline by >99% between 6–18 months post-infection (270). Current findings align 

with this, suggesting that prolonged infection (12 months) permits immune-mediated resolution, 

whereas shorter-term models (6 months) retain detectable genomes. The timing and 

immunological context of MCMV infection relative to Mtb exposure thus appear to determine both 

viral persistence and immune outcomes. Undetectable MCMV-genome in this infection model, in 

contrast to shorter-term latency studies, likely reflects the combined effects of prolonged infection 

duration and coinfection-driven immune pressure. These findings suggest that pathogen 

interactions and host aging dynamically shape viral reservoir attrition, emphasizing the need to 

contextualize latency and clearance within infection timelines and comorbid conditions. 
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5.6 Immunoregulatory differences between acute and latent CMV infection 

The findings suggest that the timing of MCMV infection influences the host immune response to 

Mtb, with distinct cytokine dynamics depending on whether MCMV precedes or follows Mtb 

infection. 

Importantly, the phase of viral infection appears to be a key determinant of immune regulation 

during coinfection. Active MCMV infections are characterized by strong antiviral responses, 

including the induction of type-I IFNs, which play a central role in controlling viral replication (358). 

However, these responses are also known to exacerbate TB pathology, as type-I IFNs can suppress 

macrophage activation, inhibit the production of IL-1β and TNF, and promote IL-10 expression, 

thereby impairing bacterial containment (359). Although type-I IFNs were not measured in this 

study, their detrimental effects in TB suggest that they could mediate immune dysregulation during 

acute viral infections. Future research should focus on analyzing type-I IFN responses and 

downstream signaling pathways during early stages of coinfection. 

In contrast, during the prolonged latency phase, immune regulation shifts significantly. Latent 

MCMV infection establishes a distinct immunological state characterized by long-term immune 

modulation. This state is associated with the expansion of Tregs and the production of 

immunosuppressive cytokines, such as viral IL-10, which help maintain latency by suppressing 

excessive inflammation (305,306,360). This immunoregulatory environment may benefit secondary 

infections like Mtb by preventing hyperinflammation while still supporting bacterial control (87). 

However, chronic low-grade inflammation driven by CMV during latency might also contribute to 

subtle immune dysregulation over time, potentially influencing disease progression (361). 

These observations highlight the importance of differentiating between the immunological effects 

of active versus latent viral infections in coinfection models. While active MCMV infection likely 

worsens TB through type-I IFN-driven mechanisms, latent infection may foster a more balanced 

immune environment that could mitigate disease progression. 
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5.7 Conclusion 

This study provides novel insights into CMV-Mtb coinfection using a C57BL/6 mouse model. 

Contrary to the initial hypothesis, pre-existing MCMV infection did not worsen TB but instead 

improved clinical outcomes, while acute MCMV infection during chronic TB exacerbated disease 

severity. This highlights the role of infection timing and sequence in shaping immune responses. 

Moreover, these findings challenge the assumption that chronic viral infections universally impair 

host immunity, instead suggesting that viral latency may shape immune dynamics in ways that can 

be beneficial in specific contexts.  

Notably, this study found no evidence that Mtb coinfection reactivates latent MCMV. However, it 

is important to consider that the experimental model may not fully capture the complexity of viral 

latency and reactivation dynamics observed in human populations. Unlike controlled laboratory 

conditions, humans are consistently exposed to various environmental and immunological triggers 

that could facilitate HCMV reactivation or reinfection. Stress, concurrent infections, immune 

suppression, or aging are all known to influence CMV reactivation, potentially amplifying its impact 

on TB progression in real-world settings (267,362,363). This underlines the need for further 

investigations in clinical and epidemiological contexts to assess whether HCMV reactivation in 

individuals with latent TB poses a significant risk for disease progression and whether specific 

immune signatures can be used to identify those at increased risk. 

Furthermore, while this study did not directly measure type-I IFNs, their role in acute MCMV 

infection remains an important area for future investigation. Type-I IFNs are known to suppress 

macrophage activation and inhibit IL-1β and TNF production while promoting IL-10 expression—

mechanisms that could impair bacterial containment during TB. The absence of type-I IFN data 

represents a limitation of this study but highlights a critical avenue for future research into how 

acute viral infections exacerbate disease severity through IFN-driven pathways. 

Overall, the recent findings highlight the intricate interplay between viral and bacterial infections 

and emphasize the importance of considering infection timing, host immune status, and technical 

limitations in detection methods when evaluating the impact of coinfections on disease outcomes. 
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