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1. Introduction 

1.1 Retroviruses  

Retroviruses are a large group of enveloped, single-stranded RNA viruses that replicate in a host 

through the process of reverse transcription. These viruses belong to the family Retroviridae and 

can be found in all vertebrates. The family Retroviridae consists of seven genera (Alpha, Beta, 

Gamma, Delta, Epsilon, Lentivirus and Spumavirus). Some retroviruses are associated with 

immune related pathology in humans. Infection with human immunodeficiency virus type 1 (HIV-

1, Lentivirus) or HIV-2 leads to the progression of acquired immune deficiency syndrome (AIDS). 

The infection with human T-cell leukemia virus type 1 (HTLV-1, Deltaretrovirus) induces T cell 

leukemia. 

1.1.1 Morphology of Retroviruses 

Retroviruses are generally spherical, enveloped particles with an average diameter ranging from 

between 100 to 200 nm.  

                            

Figure 1.1 Schematic cross section of the retrovirus. The lipid bilayer is shown as two 

concentric outer circles on which the envelope protein complex are embedded (adapted from 

Stanford University Press 2008).     

Different retroviruses (Fig. 1.1) have the same virion part, which includes the outer envelope coat 

and the inner capsid, which contains two copies of the genetic material in form of single-stranded 

positive sense RNA (ssRNA), and viral enzymes. The envelope consists of lipids that are obtained 
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from the host plasma membrane during the budding process and from glycoproteins such as gp120 

and gp41 in case of HIV. The inner surface of the envelope membrane is covered with matrix 

proteins, which surrounds the nucleocapsid. This nucleocapsid contains the diploid single-stranded 

RNA molecules, the reverse transcriptase, as well as the integrase and other proteins.  

The genomes of all infectious retroviruses contain the three major genes gag (group specific 

antigens), env (envelope, glycoproteins) and pol (polymerase, reverse transcriptase, integrase, 

protease). Complex retroviruses, such as HIV, also have genes that code for regulatory and 

accessory proteins. 

1.1.2 The retroviral life cycle (Replication of retroviruses) 

There are seven steps in the replication cycle of a retrovirus (Fig. 1.2). The first step is attachment, 

in which the retrovirus uses one of its glycoproteins to attach to one or more particular cell-surface 

receptors on the host cell. Some retroviruses likewise use an optional receptor, referred to as the 

co-receptor. The second and third steps are penetration and uncoating individually. Retroviruses 

infiltrate the host cell by direct fusion of the virion envelope with the plasma membrane of the 

host. The fourth step is replication, which happens after the retrovirus undergoes partial uncoating 

thereby releasing its genome and essential enzymes (reverse transcriptase (RT), integrase, 

polymerase, and protease). At this stage, the RNA genome is converted by RT into double-stranded 

DNA, followed by integration into the host genome, transcription and translation of viral proteins. 

The fifth step is assembly, where retrovirus capsids are assembled in an immature form. The sixth 

step is budding, where the immature viral particle acquires the host plasma membrane, and the last 

step is maturation and release, in which the gag and pol proteins of the retrovirus are cleaved by 

the retroviral protease, thus forming the mature and infectious form of the virus (1).  
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Figure 1.2 Replication of retroviruses. (Adapted from Stanford University Press 2008). 

1.1.3 Friend Virus (FV) 

FV was discovered by Charlotte Friend in 1957 (2). FV is an ecotropic gammaretrovirus complex 

composed of the Friend murine leukemia virus (F-MuLV) and the spleen focus-forming virus 

(SFFV). F-MuLV is a replication competent helper virus that is non-pathogenic in adult mice. 

SFFV is  a replication-defective virus  which induces pathology (3). SFFV cannot produce its own 

particles so it spreads by being packaged into F-MuLV-encoded particles produced in cells co-

infected by both viruses. Pathology in susceptible adult mice is characterized by a polyclonal 

proliferation of erythroid precursor cells resulting in massive splenomegaly. Interestingly, 

erythroblasts (Ter119+) cells are the main target cells for viral replication during the acute phase 

of FV infection, whereas B cells and, to a lesser extent monocytes, are the main virus reservoir 

during chronic infection (4). As FV infected cells express viral gp55 and glycoGag on their cell 

surface (5), the FV model provides the unique possibility to directly detect and analyze virus-

infected cells with antibodies (Ab) against the viral proteins.       
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1.1.4 F-MuLV 

Genome organization of F-MuLV 

Genomic RNA of F-MuLV consists of two identical molecules of RNA, each approx. 38s in size 

(6). The genome of F-MuLV is similar to other mammalian and avian type-C viruses. The genome 

of F-MuLV can be divided into four genetic regions, which are (in a 5’ to 3’ order):  

(i) gag gene - encodes for structural proteins,  

(ii) pol gene – encodes for RNA-dependent DNA polymerase and other viral enzymes,  

(iii) env gene – encodes for 70000 D glycoprotein coat of the virus,  

(iv) c gene (‘common’) for which a gene product has not been indicated (7).  

 

1.1.5 Pathogenesis of Friend virus in mice 

F-MuLV is apathogenic in adult mice but can cause splenomegaly, anemia and erythroleukemia 

in new-born mice that have not yet developed an effective adaptive immune system (2). The FV 

complex is able to induce severe splenomegaly and lethal erythroleukemia associated with 

generalized immunosuppression in immunocompetent susceptible adult mice (8). The initial step 

of FV-induced disease is caused by a false proliferation signal induced by the binding of SFFV 

gp55 envelope glycoproteins to erythropoietin receptors on nucleated erythroid cells (5). This 

results in a vast expansion in the population of actively dividing cells susceptible to FV infection 

and provides a perfect target population for further infection.  

The second step is the transformation phase where SFFV genomes integrate into the Spi1 site 

common to FV-induced erythroleukemias (3). Resistant strains of mice can mount immune 

responses with sufficient speed and potency to prevent the accumulation of transformation-

associated events and thus averting the development of erythroleukemia (9). This results in 

enhanced transcription factor PU.1 levels in erythroid cells and inhibits their commitment to 

differentiation (10). At a later time point, the loss of p53 (tumor suppressor gene) function often 

occurs resulting in full cell transformation (8). However, even these resistant strains of mice are 

never able to completely clear virus-infected cells and they develop a life-long chronic infection 

(10). 
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1.1.6 Resistance to FV infection 

The progression of FV-induced disease is reliant on an initial dose of virus and the mouse strain’s 

genetic background. Mice have several host genes that are important for susceptibility to FV 

infection. These host genes constitute the Friend virus susceptibility factors Fv (1-6) (non-

immunological) and at least four genes in the major histocompatibility complex (MHC) 

(immunological), which impact cellular and antibody mediated immune responses to FV infection 

(11). There are several genes that intervene with the infection (Fv1 and Fv4) and others that 

intervene with the immune response (Rfv1-3) or coordinate erythroid cell proliferation and 

differentiation (Fv2, Fv5) (12). Fv2r inhibits the polyclonal cell activation of erythroid progenitor 

cells thereby confining splenomegaly, whereas Fv2s makes mice susceptible to FV-induced 

splenomegaly. The Fv2 gene encodes for the tyrosine kinase Stk/RON, which in its short form 

(sf-Stk) accounts for the susceptible phenotype, whereas in resistant mice a longer form of Stk is 

present that cannot mediate the signaling from gp55 (10). The H-2D genes are important for the 

effective presentation of viral T cell epitopes. For example, mice bearing H-2Db/b have a high 

incidence of recovery from FV leukemia due to efficient presentation of FV-epitopes (11, 13). 

1.1.7 Human Immunodeficiency Virus (HIV) 

HIV is a retrovirus that invades cells in the immune system and leads to the progression of 

advanced acquired immune deficiency syndrome (AIDS). According to the WHO there are 

approximately 37 million HIV patients living worldwide (14). The virus demolishes a type of white 

blood cell in the immune system called T-helper cells or CD4+ T cells (CD: cluster of 

differentiation), and replicates inside these cells. This increases the risk and impact of opportunistic 

infections and cancers. However, a person can carry HIV without experiencing symptoms for a 

long time. Unfortunately, HIV is a lifelong infection. Modern treatment and managing the disease 

can effectively prevent the replication of HIV and prevent the development of AIDS. 

1.1.8 Problems of HIV animal studies. 

Humans and chimpanzees are hosts for HIV-1, and for this reason either in vitro studies with 

human blood or in vivo studies with chimpanzees can be done. Although chimpanzees are 

susceptible to HIV-1 infection, the replication is greatly inhibited and usually there is no 

progression to AIDS (15, 16). Simian immunodeficiency virus (SIV) is very similar to HIV-1 and 

has been used in its natural host (sooty mangabeys), although the infection does not induce immune 
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activation, and progression to an AIDS-like syndrome is rare. However, the infection of rhesus 

macaques with SIV results in a decline of CD4+ T cells and a progression to AIDS (17).The 

downside of these in vivo models for HIV-1 infection is that they are very expensive to conduct, 

and very low numbers of animals are available due to ethical issues. Furthermore, these animals 

are not inbred and thus there is a great level of genetic heterogeneity often making the results of 

such studies difficult to interpret. 

The humanized mice model has proven to be highly informative and has a huge potential for 

advancing the future of HIV research (18). There are limitations to the humanized mice model, 

which include the relatively small volume of peripheral blood and PBMCs for viral analysis and 

ex vivo functional analysis and as well as the mice’s relatively short life span (19). Apart from this, 

the structure of secondary lymphoid tissue does not fully match with humans and IgG immune 

response is not optimal (20).  

1.2 Innate immune response 

Immune response against viral pathogens is a complex of pathways which starts after recognition 

or the sensing of the virus’s foreign biological structures. The subsequent immune reaction leads 

to abrogation of viral replication and the elimination of the infected cells. The immune response 

against viruses is divided into the innate and adaptive immune responses. 

1.2.1 Sensing of retroviruses 

Infected cells determine foreign structures of pathogens via different germline encoded pattern 

recognition receptors (PRRs). PRRs recognizes viral molecules by engaging with pathogen 

associated molecular patterns (PAMPs), which are present and produced during infection of host`s 

cells, viral replication and the spread of virus (21). Innate sensing of HIV is performed by 

membrane-bound sensors, cytosolic sensors, restriction factors, cloaking and cellular nucleases.   

Membrane-bound sensors: PRRs are roughly branched into two groups: membrane-bound 

receptors like Toll-like receptors and cytoplasmic receptors such as cyclic GMP-AMP synthase 

(cGAS) or IFN-γ-inducible protein 16 (IFI16). TLR3 recognizes the double-stranded RNA 

produced during retroviral replication, TLR4 recognizes the envelope protein, TLR7 and TLR8 

recognize the viral ssRNA, while TLR9 recognizes viral RNA–DNA hybrids. Both groups trigger 



1 - Introduction 

7 
 

the expression of IFNs and produce vast amount of IFN-stimulated genes with pro-inflammatory 

functions (22-25).  

Cytosolic Sensors: HIV utilizes CD4 and CCR5 or CXCR4 to infect CD4+ T cells, macrophages, 

and monocyte-derived dendritic cells (MDDCs). After membrane fusion, the viral capsid enters 

the cytosol (26). The viral DNA sensors are activated when the ssRNA is reverse transcribed into 

dsDNA. This involves the formation of reverse transcription intermediates (IRIs), and various 

RNA, RNA/DNA hybrid, and DNA species which may act as PAMPs for the stimulation of 

cytosolic sensors. The formation of cyclic GMP-AMP dinucleotide (cGAMP) and the activation 

of adapter protein STING leads to the ultimate induction of IRF3 dependent expression of type I 

IFNs and other cytokines (27). Another cytosolic sensor which induces IFN in macrophages 

through the STING dependent pathway is IFI16. Apart from DNA sensors, there are several RNA 

sensors such as RIG-1 and MDA5 (28). 

Restriction factors: Compiled evidence indicates that restriction factors may not only act as 

effectors of the innate immune response but also directly recognize viral infections. TRIM5α acts 

as a PRR which triggers the activation of TGF-β activated kinase 1 (TAK1) and NF-κB upon the 

detection of the HIV-1 capsid (29). Recent studies indicate the role of tetherin/BST2 as PRR that 

activates NF-κB and initiates production of pro-inflammatory cytokines (30).  

Cloaking of reverse transcription process: Although HIV target cells have the potential to 

identify viral nucleic acid, the virus nevertheless is able to escape immune sensing. One possible 

mechanism for this is the safeguard of RTIs from immune recognition. Recent studies 

demonstrated that the viral capsid remains largely unharmed (31). The stability of the viral capsid 

seems to be a crucial determinant of immune sensing. The interaction of the viral capsid with 

cellular cofactors may help HIV-1 to avoid immune sensing. Mutation in the viral capsid of the 

HIV-1 particle rattles the interaction with cellular cofactors and activates the immune sensors to 

induce an antiviral state in macrophages (32). 

Cellular nucleases and HIV-1 sensing: HIV-1 misuses the cellular nucleases to avoid immune 

sensing. The three main cellular enzymes which assist HIV-1 in escaping immune sensing are 

three prime repair exonucleases 1 (TREX-1), SAMHD1 and the cellular RNase H2 endonuclease 

complex (33-35).  
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Modulation of innate sensing by HIV-1: Signaling through PRRs converge into the induction of 

a few transcription factors, like NK-κB, IRF3, IRF7 and the nuclear factor of activated T cells 

(NF-AT) (36). The gene products of HIV-1 such as Nef and Tat promote NF-κB activation. HIV-

1 accessory proteins play a crucial role in modulating NF-κB activities. Vpu reduces NF-κB 

activation by reducing tetherin cell surface levels and further suppresses the downstream canonical 

signaling of NF-κB (37). Vpu also squelches IRF3 via lysosome-mediated degradation or caspase-

mediated cleavage. Vpu inhibits TLR7-mediated IFN-1 production by exploiting the tetherin and 

ILT7 interaction. Apart from Vpu, Vpr has a role in the activation of structure-specific 

endonuclease regulator SLX4, which has a crucial role in cleaving RTIs, hence avoiding innate 

sensing (38).      

1.2.1.2 Restriction factors 

Eventually the oldest antiviral protection pathways are the restriction mechanisms. This protective 

mechanism is activated in infected cells soon after viral PAMPs recognition which further leads 

to the modulation or the inhibition of cellular processes which are necessary for viral replication 

and spread (39). These host cellular proteins are called restriction factors and are induced by 

interferons and are considered to be the first line of defense against viruses (Fig. 1.3). The main 

restriction factors which are explored in detail are APOBEC3G, tetherin, sterile alpha motif and 

histidine-aspartate domain 1 (SAMHD1), and TRIM5α (Fig. 1.2). The 6 other novel restriction 

factors which were recently discovered are endoplasmic reticulum a1,2-mannosidase I (ERManI), 

translocator protein (TSPO), guanylate-binding protein 5 (GBP5), serine incorporator 

(SERINC3/5) and zinc-finger antiviral protein (ZAP) (Fig. 1.3).  
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Figure 1.3 HIV-1 restriction and resistance factors. In the absence of virally encoded 

antagonists (or viral escape), host cell proteins called HIV-1 restriction factors (yellow) inhibit 

various stages of the replication cycle. The tripartite motif-containing protein 5α (TRIM5α) 

promotes the accelerated fragmentation of viral cores, preventing cDNA synthesis. SAM and HD 

domain-containing protein 1 (SAMHD1) depletes the cellular levels of 2ʹ-deoxynucleoside 

5ʹ-triphosphates (dNTPs), which are required for efficient cDNA synthesis. APOBEC3 

(apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3) proteins interfere with the 

processivity of HIV-1 reverse transcriptase and induce hypermutation of viral cDNA by cytidine 

deamination. Tetherin prevents the release of budded virions from the infected cell. Several viral 

proteins (blue) antagonize these cellular restriction factors. Viral infectivity factor (Vif) 

antagonizes APOBEC3 proteins, viral protein unique (Vpu) antagonizes tetherin, and the HIV-2 

viral protein X (Vpx) antagonizes SAMHD1. HIV-1 resistance factors (brown) inhibit other stages 

of viral replication and are not counteracted by the virus. Myxovirus resistance 2 (MX2) prevents 

the nuclear import and integration of viral cDNA. Schlafen 11 (SLFN11) suppresses the translation 

of viral proteins. Interferon-induced transmembrane proteins (IFITMs) inhibit viral entry by 

interfering with membrane fusion. dsDNA, double-stranded DNA; gRNA, viral genomic RNA; 

LTR, long terminal repeat; ssDNA, single-stranded DNA (40). 
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1.2.1.3 Interferons  

Interferons (IFNs) are a group of signaling proteins (41) secreted by host cells to counter the 

occupancy of viruses. There are three different classes of IFNs in humans, type I (IFN-α, IFN-β, 

IFN-ε, IFN-κ and IFN-ω), type II (IFN-γ), and type III (IFN-λ) (42). HIV-1 is identified by innate 

immune sensors that provoke the production of type I IFNs which concurrently controls HIV 

replication and promotes intrinsic immune activation. It remains controversial as to whether the 

effect of type I IFNs are constructive or destructive (43). Type I IFN plays a crucial role in 

stimulating restriction factors which limits HIV replication. These restriction factors are essential 

at every stage of the HIV replicative cycle, from reverse transcription (SAMHD1 and APOBEC3) 

to nuclear entry (MX2) to transcription (Schlafen 11) and budding (tetherin) (44-49). Type I IFN 

signaling is beneficial during acute retrovirus infection. The in vivo blockade of IFNAR signaling 

results in increased SIV infection during acute infection (50). Treatment with IFNα2 during 

chronic HIV infection resulted in decreased HIV RNA and p24 antigen levels (44). In vitro and 

humanized mice studies showed the importance of IFNα8 and IFNα14 in controlling HIV 

replication to a greater extent than IFNα2 (51, 52).  

Other than its beneficial effect in controlling HIV replication, type I IFN also has a role in pro-

inflammatory response. Increased type I IFNs in circulation is the outcome of poor CD4+ T cell 

recovery (53, 54). Type I IFNalso upregulates CCR5 (HIV co-receptor) and leads to the induction 

of pDC that produces CCR5 ligands, which further results in the creation and recruitment of more 

target cells which in turn promotes CD4+ T cell depletion (55, 56). During chronic LCMV 

infection, the blockade of type I IFN signaling enhanced antigen specific CD4+ T cell responses. 

Type I IFNs are associated with the stimulation of activation and proliferation of CD8+ T cell (57, 

58). Finally, there is a lot to be explored in order to determine the functionality of type I IFNs, 

which can be used to inhibit or cure HIV infection. During FV infection, B6 mice showed increased 

levels of type I IFN responses, and a lack of type I IFNs led to significantly higher viral loads in 

the spleen and plasma. Type I IFNs play a crucial role during innate immunity and suggest a new 

approach for antiretroviral therapy based on type I IFN application (59).   

1.2.1.4 Complement system  

The complement system is the key part of the innate immune system and acts as a bridge between 

the innate and adaptive immune systems. It consists of 30 soluble proteins and three different 
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pathways (classical, alternative and mannose-binding lectin (MBL)) for its activation (60-62). The 

end product of all these three pathways is the formation of the membrane attack complex (MAB), 

by which complement forms lytic pores and destroys the virus and infected cells (63).  

1.2.2 Cellular innate immune responses against retroviruses 

1.2.2.1 Natural Killer cells (NK cells) 

NK cells are part of the innate immune system and play a crucial role in combatting cancers as 

well as various viruses including retroviruses. These cells express activating and inhibitory 

receptors on their cell surface which recognize MHC molecules. The interplay between MHC 

molecules and regulatory receptors on NK cells regulate the NK cell response. Activated NK cells 

eliminate target cells by releasing cytotoxic granules and secreting proinflammatory cytokines and 

chemokines. (64).  

1.2.2.2 Innate lymphoid cells  

The discovery of a new innate lymphocyte population was made several years ago in mice and 

primates, and this population is essential for mucosal homeostasis, microbial regulation and 

immune defense. Innate lymphoid cells (ILCs) are a growing family of immune cells that have 

phenotypic and functional similarity with T cells. These cells are divided into three subpopulations 

based on phenotype and functionality: ILC1 has similarities with NK cells and produces type I 

cytokines (IFN-γ and TNF-α) but differs in the complex cytotoxic function which is inherited by 

NK cells. ILC2 has coinciding functions with Th2 and is identified by its reliance on GATA3, and 

the production of IL-5 and IL-13 (65, 66). ILC3 has resemblance to Th17 and is classified by its 

reliance on transcription factors RORγt and AHR, and the secretion of IL-17 and IL-22 (67).  

1.2.2.3 Myeloid cells 

Myeloid cells originate from hematopoietic stem cells in the bone marrow and contribute majorly 

to the leukocytes population (68). Myeloid cells comprise of monocytes, macrophages, 

neutrophils, basophils, eosinophils, dendritic cells (DC) and megakaryocytes. Myeloid cells play 

a significant role in the maintenance of tissue homeostasis and the development of immune 

responses against pathogens (69).  
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1.2.2.4 Monocytes  

Monocytes are the largest cells in the normal peripheral blood (14-20µm diameter); they have a 

peculiar morphologic appearance which includes an uneven cell shape, a nucleus with oval or 

kidney like shape, cytoplasmic vesicles and a huge nucleus to cytoplasm ratio (3:1) (70). Human 

monocytes are categorized into three different subtypes centered on the differential expression of 

CD14 and CD16: classical monocytes (CD14++CD16-), intermediate monocytes 

(CD14++CD16+), and non-classical monocytes (CD14+CD16++) (71). The key marker of human 

monocytes is CD14 which is a glycoprotein and myelomonocytic differentiation antigen which 

functions as an accessory protein to the toll-like receptor (TLR)-4.  

During HIV infection, monocytes are the target for the virus as they express CD4 receptors and 

chemokine co-receptors for the entry of this pathogen. In vivo and in vitro data demonstrated that 

HIV-infected circulating monocytes are rare in comparison to CD4 T cells. 1% of monocytes are 

a reservoir for HIV throughout the course of infection and are known to prevent the elimination of 

virus in HIV-infected individuals (72).  

1.2.2.5 Macrophages 

Macrophages originate from blood monocytes. Macrophages are specialized cells which are 

involved in the detection, phagocytosis and destruction of bacteria and other harmful organisms. 

Macrophages migrate and circulate to almost all the tissue parts inspecting for pathogens and 

eradicating dead cells. Additionally these cells are able to produce reactive oxygen species like 

nitric oxide which kill phagocytosed bacteria. Macrophages present antigens to T cells and initiate 

inflammation by releasing cytokines like IL-1, IL-6 and TNF-α. Macrophage polarization 

illustrates the functionality of macrophages. M1 type symbolizes pro-inflammatory and M2 

symbolizes anti-inflammatory macrophages (73). M1 macrophages produce ROS and high levels 

of pro-inflammatory cytokines (74). In vitro studies have reflected that M1 cells inhibit HIV 

infection, whereas M2 cells inhibit the viral replication at the post integration stage (75). However, 

macrophages express elevated levels of C type lectins which promote the macrophage-mediated 

transfer of HIV to CD4 T cells (76). Infected macrophages are important for the production and 

harboring of HIV for long periods. They can cross the blood-tissue barrier and transmit HIV to all 

the tissues and organs. Thus, infected macrophages are important for the pathogenesis, 

dissemination, and persistence of HIV throughout the body during infection.  
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Tissue macrophages are important contributors to HIV pathogenesis, whereas their defined 

importance has not been addressed during long-term suppressive ART. Humanized myeloid only 

mice (MoM) data demonstrated that using ART, the HIV infection of tissue macrophages was 

suppressed. The study also showed a rapid decline in the plasma viral load and dramatic 

enhancement in the cell associated viral RNA and DNA (77).  

1.2.2.6 Granulocytes 

Granulocytes are the poly-morphonuclear cells and are composeed of neutrophils, basophils and 

eosinophils. Neutrophils are bone marrow-derived leucocytes with a short life span. During an 

emergency they migrate to the tissues and exert numerous antimicrobial and pro-inflammatory 

functions  (78). HIV doesn’t infect neutrophils, however HIV infection leads to neutropenia which 

is a common state during advanced HIV infection (79). Saitoh et al. reported that neutrophils use 

neutrophil extracellular traps (NETs) to capture and ameliorate HIV (80). TLR7 and TLR8 

receptors of neutrophils after binding to viral nucleic acid induce the production of ROS, which 

then stimulates NET formation and finally results in the removal of HIV (80, 81).  

1.2.2.7 Dendritic cells and antigen presentation  

Dendritic cells (DCs) are named after their tree-like or dendrite shapes and are crucial for the 

commencement of adaptive immunity. DCs are derived from the bone marrow and, like 

macrophages, belong to the group of professional antigen presenting cells. 

The recognition of invading pathogens by DCs leads to their activation, causing the upregulation 

of MHC class I and class II, as well as co-stimulatory molecules which further initiates an 

effective T cell response. After migration to lymphoid organs, DCs present non-self-peptides 

bound to MHC molecules on their surface to naïve CD4+ and CD8+ T cells. CD4+ T cells only 

interact with peptide bound to MHC class II, while CD8+T cells only recognize peptides bound 

to MHC class I. Whereas all nucleated body cells express MHC class I, MHC class II is only 

present on professional antigen presenting cells (APCs), like DCs. There are two different 

pathways leading to the presentation of a peptide on an MHC molecule. Peptides presented on 

MHC class I molecules are of cytosolic or endoplasmic reticulum (ER) origin, whereas peptides 

presented on MHC class II molecules are derived from endosomes. All peptides are usually of 

pathogenic origin and they result from different routes of infection or pathogen encounter. For 
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MHC class I loading endogenous antigens are generated. These are derived from misfolded 

proteins of cellular or pathogenic origin, or proteins produced within an infected cell. These 

proteins are then cleaved into smaller peptides by the proteasome. The unloaded MHC class 

I molecule is initially located at the luminal side of the ER membrane. Therefore, peptides must 

be transported into the ER lumen via the transporter associated with antigen processing (TAP). 

TAP has the highest affinity for peptides with a length of 8 to 10 amino acids and with 

hydrophobic and basic carboxy-terminal amino acids, which present the optimal size and anchor 

charge for MHC class I binding. The process of MHC class I peptide-complex assembly is highly 

chaperone guided. The fully assembled complex is then transported to the surface of the cell via 

the Golgi apparatus, where it can be recognized by specific CD8+ T cells (82). MHC class II 

loading occurs in a different process with peptides derived from exogenous antigens captured 

through phagocytosis or endocytosis. The internalized antigens become degraded in increasingly 

acidified compartments (early endosome – endolysosome – lysosome) containing hydrolytic 

enzymes. In this process oligopeptides with a length of 13 to 18 amino acids are produced, which 

are able to bind to the peptide binding groove of the MHC class II complex (83). The assembly 

of the two chains of the MHC class II complex takes place in the ER, where an invariant chain 

blocks the peptide binding groove from binding endogenous peptides and stabilizes the complex. 

After passing through the Golgi apparatus, the MHC class II invariant chain-complex is included 

in the endosomal-lysosomal pathway (84). The invariant chain is degraded, leaving only a small 

fragment blocking the peptide binding groove (CLIP, class II-associated invariant chain peptide). 

In a chaperon-mediated pathway, the CLIP is released and replaced by a peptide produced by 

the endosomal-lysosomal pathway. The MHC class II peptide-complex is then presented on the 

surface of APCs, where it can be recognized by specific CD4+ T cells (85). Thus, DCs link the 

innate and adaptive immune systems. DCs also upregulate the expression of stimulatory CD80, 

CD86 molecules (86). DCs of hematopoietic origin are divided into myeloid DCs (mDCs) and 

plasmacytoid DCs (pDCs). mDCs secrete high levels of IL-12, whereas pDCs can prime antiviral 

immune responses by producing type I IFNs. 

 

1.2.2.8 Myeloid cells as a reservoir of HIV.  

Although most research focusses on CD4+ T cells for the cure of HIV, myeloid cells in general, 

and macrophages in particular, have been given less attention (87). Monocytes and macrophages 
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belong to the myeloid lineage and have special features which makes them a likely HIV reservoir 

(88). Even though monocytes differentiate into macrophages, several reports have shown the 

detection of HIV in peripheral monocytes (89). Studies have shown the migration of HIV infected 

intermediate monocytes (CD14+CD16+) to the CNS and the establishment of a viral reservoir 

(90). HIV infection cannot not enter abundantly present classical monocytes (91), so it rather 

targets intermediate monocytes which are less in number, and some studies could not even detect 

the HIV-DNA in monocytes (92)(93). Hence, theses infected cells could migrate to different 

tissues and differentiate into macropahges. Macrophages from different organs like CNS (94), 

lungs (95), liver (96) and intestine (97) have shown the presence of HIV DNA.  

DCs being the professional APCs are one of the main targets for pathogens like HIV. The most 

influential response of DCs to the HIV reservoir seems to be its ability to deport HIV to antigen 

specific CD4+ T cells (98). 

1.2.2.9 Myeloid derived suppressor cells (MDSCs) 

Myeloid derived suppressor cells (MDSC) are a heterogeneous cell population which arises from 

common myeloid progenitors in the bone marrow. Few reports suggest that MDSCs are arrested 

in the immature phase of differentiation (99). They have strong immunosuppressive effects on 

cytotoxic T cells. The increased levels of proinflammatory cytokines and other inflammatory 

mediators direct the expansion and recruitment of MDSC during chronic virus infection (100). The 

loss of T cell function during HIV-1 disease progression has been associated with higher 

frequencies of MDSC and has also been positively correlated with viral loads (101) and with the 

loss of T cell function (102).  

Mouse MDSCs can be further divided into two subtypes, monocytic (CD11b+Ly6C+) and 

granulocytic (CD11b+Ly6G+). In humans, the MDSCs are generally defined as high density 

myeloid cells expressing CD33, CD14 and low levels of HLA DR (103). MDSCs use different 

suppressive effector pathways simultaneously. The production of arginase (ARG1), iNOS, TGFβ, 

IL-10, COX2, indoleamine 2,3-dioxygenase (IDO), are the most prominent ways to control the 

functionality of lymphocytes (104). MDSC suppresses both antigen-specific and non-specific T 

cell activation in the mouse model (105). Granulocytic and monocytic MDSC suppresses T cells 

by the reduction of L-arginine within the tumor microenvironment which leads to the arrest of T 

cells in Go-G1 (106). In addition, MDSCs suppresse T cell activation by segregating cysteine,  
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enabling T cells to receive cysteine, which is necessary for antigen activation, proliferation and 

differentiation (106). MDSCs affect the reduction of CD4+ and CD8+ T cells in homing lymph 

node, which results in the down-regulation of L-selectin which helps in leucocyte extravasation to 

inflated areas (107). Interestingly, the inhibition of MDSC in vivo and in vitro results in decreased 

Tregs proliferation and tumor-induced tolerance in antigen specific T cells (108). In FV infection, 

MDSCs are activated and expand during acute infection. gMDSCs express arginase 1, higher 

counts of PD-L1 and CD39 on the cell surface, and these molecules are involved in the suppression 

of CD8+ T cells (109).  

1.3 Adaptive Immune responses 

The adaptive immune system, also known as acquired immunity, uses specific antigens to 

strategically mount an immune response. Unlike the innate immune system, which attacks only 

based on the identification of general threats, the adaptive immunity is activated by exposure to 

defined antigens, and forms an immunological memory to learn about the threat and immediately 

respond after second infection. The adaptive immune response is much slower to respond to 

pathogens than the innate immune response, which is primed and ready to fight. The adaptive 

immunity is further divided into the humoral and cellular which are mediated by B and T 

lymphocytes.  

B cells. The differentiation of B cells from hematopoietic stem cells takes place in the bone 

marrow. The key effector functions of B cells are the production of antigen-specific antibody and 

antigen presentation. The production of antibodies by B cells are either T cells dependent or 

independent (110). However, the activation of B cells are controlled by T cells, which is why they 

are called T helper cells. 

T cells originate from stem cells in the bone marrow and develop in the thymus, a small lymphoid 

organ located between the lungs. In the thymus, the developing T cells start expressing T cell 

receptors (TCR) and other molecules like CD4 and CD8. Furthermore, only the cells with 

functional TCRs are subjected to positive and negative selection in order to distinguish their own 

components of the immune system from foreign ones. In positive selection, immature T cells bind 

with the MHC molecules. If the T cells TCRs are incapable of binding to MHC complexes, the T 

cells undergo apoptosis. If the T cells TCR successfully bind to MHC complexes, they receive 

survival signals and thus are positively selected. The subsequent recognition of complexes of 
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endogenous MHC molecules, in combination with pathogenic antigens, triggers the activation of 

these T cells, thereby initiating an immune response. This process creates a repertoire of T cells 

that can recognize a wide variety of antigens. While the ability of T cells to recognize antigen-

MHC complex is important for their ability to fight pathogens and other foreign cells, it is equally 

important that these T cells do not recognize and attack their own cells. This is where negative 

selection comes into play.  

T cells can be divided into different subtypes based on their function and can be distinguished by 

the expression of different surface molecules, which are called clusters of differentiation (CD). 

CD4 and CD8 are glycoproteins and belong to the Ig superfamily. CD4 are expressed on 

populations of lymphocytes with helper functions. CD8 are expressed on T lymphocytes with 

cytotoxic features. CD4 and CD8 act as a co-receptors and, together with the T cell receptors 

(TCR), play an important role in the recognition of antigens. Recognition of foreign antigens 

expressed by MHC molecules expressed on APCs lead to activation of the T cells and initiates 

further immune responses. 

T helper cells functionally can be divided into different subpopulations.  The pro- CD4+ T helper 

cells of type 1 (TH1) produce inflammatory cytokines like TNFα, IFNγ and IL-2. CD4+ type 2 T 

cells (TH2) are responsible for the activation and regulation of B cells. Two other subpopulations 

of CD4+ T cells  produce regulatory cytokines IL-9 and IL-17 and in this way can be divided  into 

CD4+ T cells of type 9 (TH9) and type 17 (TH17). IL-17 induce inflammation associated with 

pathogens, autoimmune and allergic reactions.  IL-9 preferentially regulate the proliferation and 

apoptosis of hematopoietic cells. Follicular helper T cells (TFH) play an essential role in the 

formation of germinal centers (GCs) of lymph nodes. B cells within GCs are known as GC B cells 

and undergo rapid proliferation and antibody diversification, allowing the production of many 

types of antibodies, with a greater affinity for their targets. Defects in TFH help to B cells have been 

observed in HIV-infected patients and contribute to the inability of patients to produce effective 

HIV specific antibodies. Given the contribution of TFH to a number of human diseases, a better 

understanding of these cells could one day be therapeutically beneficial. Additionally to the helper 

function, some CD4+ T cells progress into cytotoxic effector CD4+ T cell populations. This 

population of CD4+ T cells develops before the polarization of different subsets of TH cells. The 

transcription factors which regulate the cytotoxicity of CD4+ cytotoxic cells are T-bet and Eomes 
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(111).  The one important subpopulation of CD4+ T cells is a regulatory T cells (Tregs). The main 

role of regulatory CD4+ T cells is to abrogate the activation of the immune system and thus they 

are essential for the prevention of autoimmune diseases. On the other hand, the suppression of 

immune responses by Tregs may also lead to the early suppression of effector functions of immune 

cells during viral infection, thus preventing the elimination of the virus (112, 113).  

CD8+ T cells belong to the main effector cells of an adaptive immune response against viral 

infections. Upon activation, they recognize virus-infected cells via MHC I-presented antigens and 

can kill them directly through various mechanisms. 

1.3.1 Activation of CD8+ T cells 

T cells become activated or stimulated mainly by three different signals or steps. Once the T cells 

leave the thymus, they circulate around the body until the point they recognize their antigens on 

the surface of antigen presenting cells (APCs). The T cell receptor (TCR) on T cells then binds to 

the MHC complex on the surface of APC, which triggers the initial activation, proliferation and 

differentiation of the T cells. In addition to TCR binding to antigen loaded MHC, T cells require a 

number of secondary signals to become activated and respond against pathogens. The binding of 

ligands CD80 or CD86 expressed on APC with CD28 receptor provides the additional 

costimulatory signal for the activation and proliferation of naïve CD8+ T cells. Inflammatory 

cytokines provides another costimulatory signal which is necessary for the differentiation of 

cytotoxic T cells. The activation of antigen-specific T cells leads to the production of huge amounts 

of T cells with similar specificity (114, 115). 

1.3.2 CD8+ T cells and their effector molecules 

The important effector molecules secreted by CD8+ T cells are the pro-inflammatory cytokines 

interferon gamma (IFN-γ), interleukin 2 (IL-2) and tumor necrosis factor alpha (TNF-α) (118-

120). However, these cytokines may also be secreted by other immune cells, such as e.g. CD4 + T 

cells, NK cells or APCs. IFN-γ is the only member of the type II IFN family and has a prominent 

role in the activation of macrophages, the immigration of lymphocytes to the site of infection, the 

maturation and differentiation of various immune cells, increases the activity of NK cells, and 

regulates B cell function (121). IFN-γ may also inhibit viral replication or induce viral elimination 

by up-regulating MHC I molecules and the immunoproteasome, thereby enabling an efficient 

recognition of virus-infected cells by CD8+ T cells. In addition, IFN-γ has a direct antiviral effect 
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through the induction of antiviral proteins and may also have an anti-proliferative and pro-

apoptotic effect (121).TNF-α is also a pleiotropic cytokine and has various effects on different 

immune cells. It exists in a soluble form, but can also be membrane-bound to develop its effect. 

TNF-α binds to its receptor, the TNFα receptor (TNFR). It consists of two subunits, TNFRI and 

TNFRII. TNFRI is expressed on all cells and its binding is associated with most TNF-α-induced 

effects. Activation of the TNFR signaling cascade induces various signaling pathways which are 

associated with cell activation, cell differentiation, and cytokine production (122). Furthermore, 

the binding of TNFR, by both soluble and membrane-bound TNF-α, triggers the programmed cell 

death, i.e. apoptosis, in target cells. TNF-α induces the transcriptional activation and the expression 

of reactive oxygen or nitrogen species as well as the activation of various caspases. IL-2 is the 

major growth factor of T cells and has vital role in their activation and expansion. The major 

producers of IL-2 are CD4+ T cells, but CD8+ T cells can also secrete large amounts of IL-2 (123). 

Autocrine IL-2 supports the continuous expansion of CD8+ T cells and induces the production of 

other cytokines (such as IFN-γ, perforin or GzmB) (124), thereby CD8+ T cells can achieve more 

effector functions. In addition, IL-2 is needed to develop an immunological CD8+ T cell memory 

(125). 

1.3.3 Mechanisms of CD8+ T cell-mediated elimination of infected cells 

Cytotoxic T cells play a crucial role in the immune defense against viruses, bacteria and other 

intracellular pathogens. Upon activation, there are two major mechanisms by which CD8+ T cells 

kill infected or tumor cells. The first mechanism is by releasing cytotoxic granules which contain 

cytotoxic molecules like perforin and Gzms (126, 127). The interaction between TCR of CD8+ T 

cells and the antigen-MHC I complex induces the targeted displacement of intracellular granules 

to the contact point between CD8+ T cells and infected cells, the so-called immunological synapse. 

There, both cell membranes fuse and the contents of the granules are deflated in the resulting 

intracellular space, thereby inducing the cell death of the target cell. In this exocytosis-induced 

apoptosis, perforin is responsible for forming pores in the membrane of the target cell so that 

GzmA and GzmB can invade. The endocytosis of the Gzms is mediated by the cation-independent 

mannose-6-phosphate receptor and then induces proteolytic cleavage of caspases, which can lead 

to DNA fragmentation (deoxyribonucleic acid) and apoptosis (128). In addition, Gzms can induce 

caspase-independent mitochondrial decay leading to the release of cytochrome c, another pro-
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apoptotic protein (129). To protect themselves from the action of their own secreted granules, 

CD8+ T cells express Gzm-specific inhibitors (130).   

The second way to induce CD8+ T cell-mediated killing of target cells is activated after the 

interaction of death ligands like FasL with the death receptors Fas on the surface of target cells. 

Activated CD8+ T cells express FasL on their cell surface, which binds to its receptor, Fas, on the 

surface of the infected or malignant cells (131). This binding causes the Fas molecules on the 

surface of the target cell to trimerise, which pulls together signaling molecules. This leads to the 

activation of the caspase cascade, which also results in the apoptosis of the infected or malignant 

target cells. Additionally to FasL, TRAIL expressed on CD8+ T cells can trigger the caspase 

activation and apoptosis of target cells by either DR4 (Death Cell Receptor 4) or DR5 (132). 

                                          

Fig 1.4 T cell and antigen presenting cell interactions 
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1.3.4 Memory formation of CD8+ T cells 

The CD8+ T cell response is generally characterized into three different phases. In the initial phase, 

CD8+ T cells become activated, expand, and gain effector functions, which contributes 

significantly to the elimination of virus-infected cells (120). This is followed by the contraction 

phase, which leads to a reduction in the number of CD8+ T cells. The remaining CD8+ T cells 

become memory CD8+ T cells and thus reach the third phase, in which an immunological memory 

is established (Figure 1.5A). Two to three weeks after the CD8+ T cell expansion has reached its 

maximum, the majority (90 to 95%) of the activated effector CD8+ T cells die due to apoptosis 

(133). The remaining antigen-specific CD8+ T cells remain as a reservoir of long-lived memory 

CD8 + T cells (Figure 1.5 B). However, memory CD8+ T cells differ from effector CD8 + T cells, 

both in their phenotype and function and gene expression (120). Thus, 5 to 10% of effector CD8+ 

T cells express high levels of CD127, the α-chain of the IL-7 receptor. Precisely these CD8+ T 

cells preferentially survive the infection and later transform to memory CD8+ T cells (134). In 

contrast, in this phase of memory formation effector CD8+ T cells, which express only low levels 

of CD127, disappear. In addition, CD8+ T cells down-regulate CD62 ligand (CD62L) during the 

effector phase. CD62L is a member of the selectin family and is normally expressed by many 

lymphocytes. Its function is important for cell adhesion. When immune cells are activated, selectin 

is downregulated, thus enabling its mobility. Once memory CD8+ T cells have developed, CD62L 

is upregulated again and allows localization in central lymphoid organs (120). 

The establishment of an immunological memory allows a rapid reactivation of virus-specific T 

cells with effective immune defense in a second infection with the same virus. 

1.3.5 Dysfunctional CD8+ T cells in chronic viral infections 

During chronic viral infections, the functions of CD8+ T cells may be severely impaired. They 

first lose their effector functions, e.g. the ability to secrete cytokines (initially IL-2 followed by 

TNF-α) (135). Dysfunctional CD8+ T cells are also characterized by the increased expression of 

inhibitory receptors whose normal function is to control auto reactivity or excess immune 

responses and associated pathological damage. Although inhibitory receptors are also expressed 

by CD8 + T cells during the effector phase, the increased and long-lasting expression of these 

receptors is a hallmark of dysfunctional CD8+ T cells during chronic infection (136). The 

inhibitory signaling pathway regulated by the PD-1 (Programmed cell death-1) receptor and 
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binding of its ligands PD-1 ligand (PD-L1) and PD-L2 may inhibit the cytotoxic functions of CD8+ 

T cells (137). In addition, there are other inhibitory molecules, e.g. CTLA-4 (cytotoxic T 

lymphocyte antigen 4), which can be expressed by T cells. CTLA-4 is a homologue to CD28 and, 

because it has a higher affinity, binds preferentially to CD80 or CD86, thus preventing the ongoing 

co-stimulation and activation of CD8+ T cells (138). 

 

                         

Fig. 1.5 The dynamics of a CD8+ T cell response during acute virus infection. 

(A) CD8+ T cells response to an acute viral infection undergoes an expansion phase, culminating 

in the generation of effector CD8 T cells and viral clearance. The expansion phase is followed by 

a death phase, when 90 to 95% of the effector T cells die. The surviving 5 to 10% of the effector 

CD8 T-cell pool further differentiates and generates a memory T-cell population that is 

maintained long term in the absence of the antigens. (B) Memory CD8 T-cell generation is linear 

and progressive. The effector T cells that survive the death phase further differentiate, giving rise 

to memory T cells that continue to differentiate in the absence of the antigens and acquire the 

ability to persist in the absence of the antigens via homeostatic turnover (Fig. adapted from (120)). 
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Tim-3 (T cell immunoglobulin mucin 3) is commonly expressed on TH1 cells and some CD8+ T 

cells and acts as a negative regulator capable of inducing its own apoptosis. Tim-3 is also up-

regulated by CD8+ T cells during the chronic phase and is a hallmark of dysfunction (139, 140). 

1.3.6 Checkpoint inhibitors 

PD-1 belongs to the immunoglobulin superfamily (IgSF) of surface proteins and is composed of 

˷20 amino acids stalk region, a transmembrane domain and intracellular domain containing both 

ITIM and ITSM, and exerts its inhibitory effect by recruitment of SHP-1 and SHP-2 molecules 

(137). The expression of PD-1 is distributed on activated T cells, B cells, DCs, NKT, and 

monocytes. The ligands of PD-1 are PD-L1 and PD-L2. PD-L1 is widely expressed on 

hematopoietic and non-hematopoietic cells, whereas PD-L2 is widely expressed on APCs. PD-1 

ligation hinders by the activation of cell survival factors and the expression of transcription factors 

like T-bet, GATA-3 and Eomes. It also inhibits the cell cycle progression and proliferation of T 

cells. Blockage of PD-1/PD-L1 pathway during acute LCMV infection restores the functionality, 

proliferation of T cells (141, 142).  

BTLA (CD272) belongs to IgSF and possesses an intracellular motif similar to PD-1 which exerts 

its inhibitory effect by the recruitment of SHP-1 and SHP-2 molecules. BTLA is expressed on T 

cells, B cells, DCs and myeloid cells (137). CD160 does not belong to the IgSF and is a 

glycoylphosphatidylinosital (GPI)-anchored receptor, inhibiting T cell activation by reducing 

phosphorylation of CD3ξ. However, its inhibitory mechanisms remain elusive. CD160 is 

expressed on T cells and NK cells. Both BTLA and CD160 bind to HVEM (CD270), which 

belongs to TNFR super family 14. HVEM is expressed on naïve T cells, B cells, DCs, NK cells, 

and myeloid cells. BTLA and CD160 ligation to HVEM results in an inhibitory effect. Therapies 

targeting HVEM to block BTLA and CD160 binding are being developed to enhance immune 

responses and vaccination (reviewed in (143)).  

CTLA-4 contains YxxM motif and exerts its inhibitory effect by the recruitment of SHP-2 and 

PI3K. CTLA-4 is expressed by activated T cells. CD80 and CD86 are the ligands which bind to 

CTLA-4. CD80/CD86 are expressed on B cells, monocytes, DCs, and T cells. Multiple models 

have shown the influence of CTLA-4 during TCR signaling. These include the competitive 

antagonism of CD28 and inhibition of lipid raft and microcluster formation. Blockade of CTLA-4 

is associated with autoimmune and immunopathology (144).  
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Lag3 also belongs to IgSF and possess the KIEELE motif by which it inhibits the expansion of T 

cells. Lag3 is expressed on T cells, B cells and NK cells. Lag3 binds to MHC II, which is expressed 

on DCs, macrophages, B cells, monocytes, and thymic epithelial cells. Lag3 plays a crucial role in 

modulating DCs function and promoting the suppressive effect of Tregs. Blockage of Lag3 results 

in an enhanced number of memory CD4 and CD8 T cells in mice infected with the Sendai virus, 

and T cell expansion in the gamma herpes virus model (145). 

Tim-3 is a type I glycoprotein receptor and possess Y235 and Y242 motif. Although Tim3 does 

not contain ITIM and ITSM, it possesses intracellular tyrosine kinase phosphorylation motifs. It 

exerts its inhibitory effect by recruiting Lck, Fyn, p85 PI3K, and Bat3 molecules (146). Tim3 is 

expressed on T cells, B cells, NK cells, NKT cells, DCs and macrophages. Tim3 binds to 4 

different ligands. These are the carcinoembryonic antigen cell adhesion molecule 1 (Caecam-1), 

Galectin-9, Phosphatidylserine (PtdSr), and the high mobility group protein B1 (HMGB1) (147). 

The ligands are mainly expressed on T cells, DCs, macrophages, eosinophils, and endothelial cells. 

Blockage of Tim3/Galectin-9 during autoimmune and chronic inflammatory disease restored the 

effector function of T cells (148).   

2B4 has originally been identified on mouse NK cells and subsets of cytotoxic T cells (149-151). 

CD48 (17D6, 5-8A10, 6.28, BCM1, BLAST, B-LAST-1, HM48-1, Ly-m3, MEM-102) is the 

ligand which interacts with 2B4 and regulates T cell activation (152, 153). CD48 is expressed on 

the surface of B and T lymphocytes, NK cells, DCs, monocytes, neutrophils, mast cells, 

eosinophils, and endothelial cells. Taken together, T cells start to upregulate inhibitory receptors 

after they become activated. The ligands for these inhibitory receptors are broadly expressed in 

different tissues and on several cell types. Inflammatory cytokines like IFN-γ, IL-2 and TNF-α 

enhance the expression of inhibitory ligands on cells in inflamed tissues (154-157). Thus, 

inhibitory ligands can control the proliferation and cytotoxicity of activated lymphocytes and 

prevent the collateral damage of inflamed tissues and organs caused by overshooting immune 

responses. 
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Fig 1.6 Molecular pathways of inhibitory receptors associated with T cell exhaustion. Ligand 

and receptor pairs for inhibitory pathways are depicted, showing the intracellular domains of 

receptors that contribute to T cell exhaustion. (158). 

1.3.7 Regulatory T cells 

Regulatory T cells belong to the subset of CD4+ T cells and play an important role in suppressing 

the proliferation and function of effector T cells (159). Like other T cells, Tregs mature in the 

thymus. Tregs generally express CD25, which is the receptor of IL-2 and transcriptional repressor 

of forkhead box protein 3 (Foxp3), the transcription factor of these CD4+ T cells (160, 161). 

There are two subsets of CD4+ Tregs, They differ in their developmental origin, specificity, 

mechanisms and dependence on TCR and co-stimulatory signaling. They are classified as natural 

Tregs (nTreg) or induced Tregs (iTreg). nTregs are characterized by their selective surface 

expression of Neuropilin-1 (Nrp-1) (162, 163). Tregs that arise in the periphery are called 

induced Tregs (iTregs). This cell population is generated from naïve CD25+ or CD25- T cells 

in the periphery upon antigen presentation by semi-mature DCs and under the influence of IL-

10, transforming growth factor β (TGF-β) and possibly IFN-α (164, 165).  

There are different suppressive mechanisms which are utilized by Tregs. Tregs can secrete 

inhibitory cytokines, such as IL-10, TGF-β, and IL-35, and apply these soluble factors as a main 
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mechanism of suppression. Metabolic disruption by Tregs includes by high- affinity CD25 

dependent I L - 2 cytokine-deprivation-mediated apoptosis, cyclic adenosine monophosphate 

(cAMP)-mediated inhibition, and CD39 and/or CD73 generated, adenosine receptor 2A (A2AR) 

mediated immunosuppression (167, 168). Another mechanism is to target DCs and include the 

modulation of maturation and function of DCs through the lymphocyte-activation gene 3 

(Lag3)–MHC-class-II-mediated suppression of DC maturation, and CTLA4–CD80/CD86-

mediated induction of indoleamine 2,3- dioxygenase (IDO) (169-173).   
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Aims and scope of the work 

Subpopulations of myeloid cells are key players in the regulation of cellular immune responses. 

During retroviral infection, cytotoxic virus-specific CD8+ T Lymphocytes (CTLs) efficiently 

control acute virus infections but become exhausted or dysfunctional during chronic phase of 

infection. The signaling from checkpoint receptors expressed on the surface of CTLs provide the 

inhibition and induce the dysfunctionality and apoptosis of these effector cells. The subpopulations 

of myeloid cells are the targets for retroviruses and able to express different ligand for checkpoint 

receptors. The first aim of these study was to define which subpopulations of myeloid cells are the 

targets for replication of acute Friend virus (FV) and perform the detailed characterization of 

inhibitory ligands expressed on infected and non-infected myeloid subpopulations. Simultaneously 

the expression of receptors for these ligands on virus-specific CD8+ T cells will be necessary to 

characterize.  

Additionally to checkpoint receptors/ligands the regulatory T cells (Tregs) and myeloid-derived 

suppressor cells (MDSCs) play an important role in the regulation of CTL responses during acute 

and chronic retroviral infections. The second aim of this study was to define the contribution of all 

these mechanisms for the regulation of CTLs. In order to address this question, the selective 

elimination of MDSCs or Tregs individually or in combination with the blocking of checkpoint 

receptors will be necessarily performed during acute FV infection. Expansion and the functionality 

of CTLs and the interplay between MDSC, Tregs and inhibitory receptors and their ligands are the 

necessary estimate in these experiments. Simultaneous depletion of different inhibitory 

mechanisms will allow us to gain deep insight into mechanisms of immunoregulation and find the 

new approaches for restoration of dysfunctional T cells.
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2 Materials 

2.1 Laboratory animals 

2.1.1 Wild-type mice 

C57BL/6 (B6)   Resistance genotype H-2b/b, Fv1b/b, Fv2r/r, 

Rfv3r/r Harlan Winkelmann GmbH, Borchen, 

Germany 

 

2.1.2 Congenic and Transgenic mice 

TCRtg CD8 TCR transgenic mice The DbGagL TCR Tg (T cell receptor transgenic) mice 

were specific for the DbGagL FV epitope. Mice were 

maintained at the animal facilities in the University 

Hospital Essen, Germany 

DEREG mice Generated by Dr. Tim Sparwasser’s group (Institut für 

Infektionsimmunologie, Twincore, Zentrum für 

Experimentelle und Klinische Infektionsforschung, 

Hannover, Germany) and maintained at the animal 

facilities of University Hospital Essen. DEREG (depletion 

of regulatory T cell) mice were generated from bacterial 

artificial chromosome (BAC) technology. These mice 

carry a DTR-eGFP transgene under the control of an 

additional FoxP3 promoter. Usage of DEREG mice 

allows both detection and inducible depletion of FoxP3+ 

Treg cells 

PD-L1 KO Generated by Lieping Chen (Department of Immunology, 

Mayo Clinic College of Medicine, Rochester, USA) and 

maintained at the animal facilities in the university 

hospital Essen, Germany. In this mice exon 1 and large 
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part of exon 2 of the endogenous B7-H1 allele is replaced 

with a Neo-resistance cassete by a gene targeting vector, 

which leads to deletion of the sequence encoding the 

signal peptide and also the majority of the extracellular 

IgV domain of PD-L1. 

 

2.2 Cell lines and viruses 

2.2.1 Cell lines 

Mus dunni cell line which is permissive for all four classes of murine leukemia virus (MuLV) was 

used to determine the productivity of virus infected cells in vitro. Mus dunni were maintained in 

complete RPMI medium supplemented along with 10% FCS and 0.5% penicillin/streptomycin.  

2.2.2 Friend virus 

The FV stock used for the experiments was a FV complex containing two retroviral complexes, β-

tropic Friend murine leukemia virus (F-MuLV) and the polycythemia-inducing spleen focus 

forming virus (SFFV). Here the F-MuLV was tagged with green fluorescent dye called m-Wasabi. 

The tagging of m-Wasabi enabled us to distinguish the infected and non- infected cells. 

2.3 Equipment and materials 

The equipment and materials used in this study are listed in Tables 2.1 and 2.2 below  

Table 2.1 Equipment 

Item Manufacturer 

Biofuge fresco Heraeus, München 

Centrifuge 5415 C Eppendorf, Hamburg 

CO2 incubator Thermo, Dreieich 

Freezer LIEBHERR, Ochsenhausen 
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Heating block Granz, QBC 

Infrared lamps Philips, Amsterdam 

Laminar flow KOJAIR, Meckenheim 

LSRII flow cytometer Becton Dickinson, Heidelberg 

Neubauer cell counting chamber Becton Dickinson, Heidelberg 

Reflected –light microscope CK 2 Hund, Wetzlar 

Refrigerator LIEBHERR, Ochsenhausen 

Single channel pipettes (10, 20, 100, 200, 

1000µl) 

Eppendorf, Hamburg 

Sorvall centrifuge fresco Thermo, Dreieich 

 

Table 2.2: Materials 

Material Manufacturer 

Beakers Schott, Mainz 

Cannulae (G23; G25; G27) Becton Dickinson, Heidelberg 

Cell culture flasks (T25; T75) Greiner bio-one, Frickenhausen 

Cell culture plates, sterile (6; 24 and 96 well) Greiner bio-one, Frickenhausen 

Cell microstrainer (70µm) Falcon BD, Heidelberg 

Disposables syringes (5ml; 10ml; 25ml) Braun, Melsungen 

Erlenmeyer flask Schott, Mainz 

FACS tubes Becton Dickinson, Heidelberg 

Filters Becton Dickinson, Heidelberg 



2 - Materials  

31 
 

Forceps, pointed and curved Oehmen, Essen 

Parafilm American National Can, Chicago 

Pipette boy Hirschmann, Eberstadt 

PP screw-cap tubes (15ml; 50ml) Greiner bio-one, Frickenhausen 

Reaction tubes (1.5ml; 2ml) Eppendorf, Hamburg 

Scissors, large and small Oehmen, Essen 

U-shaped microplates Greiner bio-one, Frickenhausen 

 

2.4 Chemicals and Medium 

Unless not mentioned, the chemicals below were purchased from Applichem, Merck, Roth and 

Sigma. 

3-amino-9-ethylcarbazole (AEC), acetic acid, ammonium chloride (NH4Cl), autoMACS run and 

wash buffer (Miltenyii Biotec), β-mercaptoethanol (β-ME), bovine serum albumin (BSA), 

brefeldin A (BFA), dimethyl sulfoxide (DMSO), ethanol, ethylendiaminetetraacetic acid (EDTA), 

FACS Clean (BD Biosciences), FACS Flow (BD Biosciences), FACS Rinse (BD Biosciences), 

fetal calf serum (Biochrom), Ficoll (GE Healthcare), 37% formaldehyde, formalin, glucose, 

hydrogen peroxide (H2O2), incidine 8%, isopropanol, L-Glutamine, magnesium chloride (MgCl2), 

penicillin-streptomycin (Pen-Strep), phosphate buffer saline (PBS) (Gibco), polybrene A, RPMI-

1640 media (Gibco), sodium carbonate (Na2CO3), sodium acetate (CH3COONa), sodium azide 

(NaN3), sodium pyruvate, trypan blue, trypsin-EDTA. 

2.5 Antibiotics 

Penicillin / Streptomycin (Gibco) 

2.6 Buffers and Medium 

All buffers and solutions were prepared using double distilled water. 
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Table 2.3 Buffers and medium 

Medium Composition 

Culture medium 500 ml RPMI 1640 (Gibco) 

10% FCS (Gibco) 

0.5% Penicillin/Streptomycin mixture 

DC medium 500 ml RPMI 1640 (Gibco) 

10% FCS (Gibco) 

0.5% Penicillin/Streptomycin mixture 

0.5% Sodium pyruvate 

0.5% L- Glutamine 

0.05% β-mercaptoethanol 

GM-CSF and IL-4 

FACS Buffer 1000 ml PBS 

0.02% Sodium azide 

0.5% BSA 

Freezing medium 40% FCS 

10% DMSO 

50% RPMI medium 

MACS Buffer 1000 ml PBS 

0.5% BSA 

2mM EDTA 
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2.7 Antibodies 

Anti-mouse and anti-human antibodies were purchased from eBIosciences (Invitrogen), 

Biolegend, BD Bioscience, Thermo fischer and RD.  

2.7.1 Mouse reactive antibodies 

Table 2.4 List of antibodies used for staining of mouse cells 

Antibody Fluorochrome Clone Company 

AB720 (a-MuLV 

Env, Isotype 

IgG2b) 

AF647 N/A Invitrogen (Thermo fischer) 

PD-L1 anti-mouse BV605 10F.9G2 Biolegend 

PD-L2 anti -mouse PerCP-eFluor 122 eBiosciences 

CD11b anti-

mouse/human 

BV605 M1/70 Biolegend 

CD11c anti-mouse BV510 N418 Biolegend 

NK1.1 anti-mouse APC/Cy7 PK136 Biolegend 

CD19 anti-mouse APC/Cy8 6D5 Biolegend 

CD3 anti-mouse APC/Cy9 17A2 Biolegend 

Ter-119 anti-

mouse 

APC/Cy10 TER-119 Biolegend 

Ly6C anti-mouse BV421 HK1.4 Biolegend 

Ly6G anti-mouse AF700 1A8 Biolegend 
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CD80 anti-mouse FITC 16-10A1 BD 

Ki67 anti-mouse PE-Cy7 SoLA15 eBiosciences 

CD43 anti-mouse FITC 1B11 Biolegend 

CD8 anti-mouse AF700 53-6.7 Biolegend 

CD4 anti-mouse BV605 RM4-5 Biolegend 

F4/80 anti-mouse PE BM8 Biolegend 

HVEM (CD270) 

anti-mouse 

PE LH1 Thermo Fischer Scientific 

BTLA (CD272) 

anti-mouse 

PE 6F7 eBiosciences 

CD160 anti-mouse APC 7H1 Biolegend 

PD-1 anti-mouse BV421 29F.1A12 Biolegend 

Tim3 anti-mouse APC 
 

RD 

CD80 anti-mouse PE/Cy7 16-10A1 Biolegend 

CD86 anti-mouse BV605 GL-1 Biolegend 

Lag3 (CD223) 

anti-mouse 

PerCP/Cy5.5 C9B7W Biolegend 

GzmB anti-

mouse/human 

APC GB11 invitrogen 

IFN-g anti-mouse PE/Dazzle XMG1.2 Biolegend 
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IL-2 anti-mouse PE JES6-5H4 eBiosciences 

TNF-a anti-mouse BV510 MP6-XT22 Biolegend 

CD62L anti-mouse PE/Cy7 MEL-14 eBiosciences 

CD43 anti-mouse PerCP 1B11 Biolegend 

KLRG1 anti-

mouse 

BV421 2F1/KLRG1 Biolegend 

2B4 (CD244) anti-

mouse 

PE/Cy7 M2B4 Biolegend 

F4/80 anti-mouse PE/Cy7 BM8 Biolegend 

MHC II anti-

mouse 

BV605 M5/113.15.2 Biolegend 

TNF-a anti-mouse PE/Cy7 MP6-XT22 Biolegend 

PD-L1 anti-mouse PE/Cy7 10F.9G2 Biolegend 

CD69 anti-mouse BV510 H1.2F3 Biolegend 

BTLA (CD272) 

anti-mouse 

APC 6A6 Biolegend 

CD107a anti-

mouse 

PerCP-eFluor710 eBio1D4B eBiosciences 

MHC II anti-

mouse 

FITC 2G9 BD Pharmingen 

CD62L anti-mouse BV510 MEL-14 Biolegend 
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CD200 anti-mouse BV421 OX-90 BD Horizon 

CD160 anti-mouse PE/Cy7 7H1 Biolegend 

CD317 anti-mouse APC 927 Biolegend 

 

2.7.2 Human reactive antibodies 

Table 2. 5 List of antibodies used for staining of human cells 
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Antibody Fluorochrome Clone Company 

CD11b anti-

mouse/human 

BV605 M1/70 Biolegend 

CD1c anti-human AF700 L161 Biolegend 

CD4 anti-human BV650 OKT4 Biolegend 

CD3 anti-human BV421 SK7 BD Biosciences 

CD56 anti-human BV421 NCAM16.2 BD Biosciences 

CD19 anti-human BV421 H1B19 BD Biosciences 

CD20 anti-human BV421 2H7 BD Biosciences 

PD-L1 anti-human BV605 29E.2A3 Biolegend 

CD270 anti-human APC 122 Biolegend 

CD14 anti-human BV510 M5E2 Biolegend 

CD16 anti-human PE/Dazzle 3G8 Biolegend 

 

2.8 Fluorochromes 

The antibody-coupled fluorochromes and their absorption and emission  

Table 2.6 Characteristics of fluorochromes 

Fluorophore Abbreviation Absorption(nm) Emission (nm) 

Alexa fluor 488 AF488 488 519 

Alexa fluor 647 AF647 650 647 

Alexa fluor 700 AF700 633 723 

Allophycocyanin APC 633 660 
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APC-Cyanine7 APC/Cy7 650 774 

Brilliant violet 421 BV421 407 421 

Brilliant violet 521 BV510 405 510 

Brilliant violet 605 BV605 405 605 

Brilliant violet 650 BV650 407 650 

Brillint ultraviolet 395 BUV395 348 395 

eFluor 650 eF650 407 650 

eFluor 780 eF780 633 780 

eFluor 450 eF450 405 450 

Fluorescein 

isothiocyanate 

FITC 488 518 

mWasabi wasabi 493 509 

PE-cyanine5 PE-Cy5 660 670 

Peridinin-chlorophyll-

protein complex 

PerCP 488 675 

Phycoerythrin PE 488 575 

Phycoerythrin-Cy7 PE-Cy7 488 785 

 

2.9 MHC tetramer and F-MulV specific peptide 

2.9.1 MHC I tetramer 

PE labelled MHC class-I H-2Db tetramer loaded with the peptide AbuAbuLAbuLTVFL (DbGagL 

tetramer, FV gag CD8+ epitope gPr80gag85-93) recognized by DbGagL specific CD8+ T cells. 

The MHC class-I tetramer was purchased from MBL International Corporation (Woburn, MA, 

USA). 
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2.9.2 CD8 peptide 

The F-MuLV CD8+ T cell peptide was synthesized by Pan Tecs (Tübingen, Germany) and 

reconstituted in 100% sterile DMSO. Peptide name: FMR-H-2DbGagL CD8 epitope. Sequence: 

AbuAbuLAbuLTVFL.  

2.10 Staining reagents  

Table 2.7 Staining reagents 

Staining reagent Manufacturer 

FVD eF780 eBioscience 

CFSE Invitrogen 

Violet tracer Invitrogen 

 

2.11 Standard kits 

Table 2.8 Standard kits 

Kit Manufacturer 

Cytofix/cytoperm intracellular staining kit BD Pharmingen, Heidelberg, Germany 

FoxP3 staining set eBiosceinces, San Diego, USA 

Mouse CD8a (Ly-2) isolation kit Miltenyi Biotec, Bergisch Gladbach, Germany 

Myeloid derived suppressor cell isolation kit 

(mouse) 

Miltenyi Biotec, Bergisch Gladbach, Germany 
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2.12 Depletion antibodies 

CD270-CD272 blocking  Anti- CD270 antibody, Clone 6C9/2E10/2B8, rat 

IgG2a, 0.90 mg/ml (received from collaborator) 

CD270-CD160 blocking Anti- CD160 antibody, Clone 6E7a/1C4, mIgG1, 

1mg/ml (received from collaborator) 

InVivoMAb polyclonal mouse IgG IgG antibody, Clone N/A, purchased from 

BioXcell 

InVivoMAb a-PD-L1 PD-L1 antibody, Clone 10F.9G2 purchased from 

BioXcell 

Diphtheria Toxin (DT) Diptheria toxin, Corynebacterium diphtheria – 

calbiochem, purchased from Merck 

InVivoMAb a-Tim3 Tim3 antibody, Clone RMT3-23 purchased from 

BioXcell 

InVivoMAb a-Ly6G Ly6G antibody, clone 18A, purchased from 

BioXcell 
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3. Methodology 

3.1 Animal trials 

The animal experiments were conducted according to the guidelines of the Federation of European 

Laboratory Animal Science Association (FELASA). 

3.2 Virus preparation and titre determination 

3.2.1 Friend virus 

3.2.1.1 In vivo production of FV 

To obtain a FV stock, susceptible BALB/c mice were infected intra venous (i.v.) with 3,000 spleen 

focus forming units (SFFU) of FV. On 9 days post infection the mice were sacrificed and the 

spleens removed. A 15 % spleen homogenate was prepared in PBBS with 1 mM EDTA. The 

homogenate was then aliquoted and stored at -80°C until use.  

3.2.1.2 Titer determination of a FV stock  

Titration of a FV stock was done by infecting Y10A mice i.v. with different amounts of virus 

stock. The spleens were removed 14 days post infection. During the course of FV infection, 

malignant cell populations develop on the surface of the spleen. These foci can be visualized by 

incubation of the whole spleens in Boulin´s solution which enhances the visual contrast of foci on 

the spleen surface. SFFUs can be determined by counting these foci. 

3.2.1.3 Construction of FV m-Wasabi 

The construction of fluorescently labelled virus was performed by fusing mWasabi to the envelope 

(Env) open reading frame (ORF) in the F-MuLV.  Although direct fusion to the Env R peptide did 

allow for viral particle formation, the construct was very unstable, and fluorescence was lost after 

a few passages in cell culture. However, additional introduction of a self-cleaving 2A peptide from 

porcine teschovirus lent stability to the construct, and fluorescence of the recombinant virus was 

maintained for more than 15 passages in vitro. After reconstitution of the FV complex comprising 

F-MuLV-mWasabi and wild-type SFFV, C57BL/6 mice were infected and bone marrow, lymph 

nodes, and spleens were isolated at different time points. Analysis of the viral loads by using 

conventional immunocytochemistry-based focal infectivity assay confirmed that the replication 
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kinetics of the mWasabi-labeled FV was unimpaired and indeed comparable to that of wild-type 

FV, with the highest virus loads observed in bone marrow and spleen samples at day 7 and low 

but stable virus loads in the late phase of infection. Of note, none of the mice were able to 

completely clear the infection, as virus was detected in all bone marrow samples on day 42, but 

the viral loads in the lymph nodes of half of the mice were below the detection limit at this time 

point, and again half of these mice also had undetectable viral loads in spleens (174). 

3.2.1.4 Infection with FV 

Mice were i.v. infected into the lateral tail vein using a 27G-hollow needle. For this the virus stock 

was thawed, centrifuged at 8000 rpm for 10 minutes and the supernatant was diluted with PBS to 

reach the required concentration. Usually 2x104SFFU of FV in 300 were used for acute infection 

experiments. 

3.2.2 HIV 

3.2.2.1 Production of HIV 

293T cells were harvested and seeded at a concentration of 1x105 cells per well of a 24-well plate. 

At 50 % confluence, the cells were transfected with the HIV-1 JRFL-iGFP plasmid. For 

transfection the following mixture was prepared with the reagents added in the order they appear 

in the list. The mixture was incubated for 15 min at room temperature and 50μL were then added 

drop by drop to each well of the 24-well plate. The cells were then incubated for the next three 

days at 37 °C and 5 % CO2. To harvest the virus, the supernatant was collected three days later 

and centrifuged at 600xg for 7 min at 4 °C to clear any cell debris. The virus containing supernatant 

was concentrated using Amicon Ultra 100 MW filter tubes. For this the supernatant was added to 

the upper chamber of the tube and centrifuged at 4000xg for 10 to 20 min at 4 °C. This step was 

repeated until the whole supernatant containing the virus was concentrated. The virus preparation 

was then aliquoted into 20 to 50μL aliquots and stored at -20 °C until use. 
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Table 3.1 Transfection mix for HIV-1 JRFL-iGFP virus synthesis 

Reagent Volume 

DMEM serum-free 45.205µL 

FUGENE ® 3.375µL 

1µg HIV-1 JRF-iGFP (700ng/µL) 1.4µL 

0.125 µg pAdVAntageTM vector (5836 

ng/µl) 

0.02µL 

Final volume 50µL 

 

3.2.2.2 Titre determination of HIV-1 JRFL-iGFP virus stock 

To titrate the virus, TZM-bl cells were harvested and seeded into 12 wells of a 96-well plate at a 

concentration of 1x104 cells per 200μL complete DMEM. The cells were left to incubate at 37 °C 

and 5% CO2 until they were 50-60 % confluent. An aliquot of the frozen HIV-1 JRFL-iGFP virus 

stock was thawed and a 5-fold dilution series (1:5-to-1:3125) was prepared in complete DMEM 

with additional 2μg/mL dextran in each tube. The media was removed from the cells and replaced 

by 50μL of the virus dilutions. All infections were performed in duplicates. As a negative control, 

two wells were challenged with complete DMEM and dextran. The cells were incubated with the 

virus for 1 hour in the incubator and an additional 50μL of complete DMEM was added to each 

well followed by incubation for another two days under the same conditions. After two days the 

supernatant was removed and the cells were rinsed with PBS. The fixation was carried out with 2 

% formaldehyde for 20 min at 4 °C followed by two washes with PBS. To stain the cells 100μL 

of HIV-1 titration staining solution (0.5 mg/mL X-gal, 4mM potassium ferrocyanide, 4mM 

potassium ferricyanide, 2mM MgCl2 in PBS) was added to each well and left to incubate for 2 

hours at 37 °C and 5% CO2. To determine the virus concentration the number of blue cells were 

counted in each well using a light microscope. The mean number of blue cells for each virus 

dilution was calculated and multiplied by the dilution factor. The calculated values indicate the 

number of infectious viral particles per 1μL. 
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3.3 Intraperitoneal injection (i.p) 

The in vivo antibodies for treatment or depletion (a-CD270, a-CD160, DT, a-Ly6G, and a-PD-

L1/a-Tim-3) were administered via intraperitoneal (i.p) injection. Mice were held by the skin at 

the back of the neck and the tail was held back. Mice were held with the ventral side exposed and 

tense, therefore internal organs are not harmed by the injection. The injection was done in a 45° 

angle into the lower abdomen and slowly administered. 

 

3.4 In vivo depletion of cell populations 

To deplete gMDSCs in vivo, 100µg per mouse of a-Ly6G (Clone 1A8) antibody diluted in PBS 

and were administered i.p three times in every two days after a week post infection (Fig. 4.23A). 

Regulatory T cells were depleted using 0.5µg per mouse diphtheria toxin (DT). 1 µl/mouse of DT 

solution was diluted in 499 µl of PBS. DEREG mice were administered i.p with DT, treatment 

was started one week post FV infection and mice were treated three times every three days (Fig. 

4.16A).  

For blockade of the PD-1 pathway in acute FV-infected mice, 200µg rat anti-mouse PD-L1 Ab 

(10F.9G2; BioXCell) was administered intraperitoneally every third day for 3 times (Fig. 4.16A). 

To block the Tim-3 pathway, 100µg rat anti-mouse Tim-3 Ab (RMT3-23; BioXCell) was 

administered intraperitoneally every other day for 4 times (Fig. 4. 16A). The T cell responses and 

viral loads were analyzed one day post treatments or 4 days post treatments (Fig. 4.16B, C, D). 

For blocking the interaction between CD270 and its inhibitory receptors CD160 and CD272. Mice 

were injected i.p with 300µl of a-CD270 antibodies and 300µl of a-CD160 antibodies Blocking 

started after a week post FV infection and mice were treated three times every second day (Fig. 4. 

12A).    

3.5 Sample preparation 

3.5.1 Dissection of mice 

Before sacrificing the mice, the mice were anesthetized with isoflurane and blood withdrawn with 

capillary (behind the eye). Mice were sacrificed by dislocating the cervix and were moistened with 

ethanol and then fixed with 23G-hollow needles and the fur was cut open carefully not to destroy 

any internal organs. Initially the cervical, axillary and inguinal lymph node were removed. The 
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peritoneal cavity was opened and the spleen was removed with tweezers and was cut loose from 

the fatty tissue by excising both blood vessels. To isolate the bone marrow, both hind legs were 

cut loose and the flesh was removed. All the organs isolated were stored in PBBS on ice until 

further processed.  

3.5.2 Preparation of spleen cell single suspensions 

Spleens were weighed initially and were grinded through a 70 µm cell strainer using the plunger 

of a syringe. Cells were washed through the strainer using PBBS. From the cell suspensions an 

aliquot was taken for cell count. Cells were centrifuged at 1200 rpm for 10 minutes and the 

supernatant was discarded. Based on the cell number, cells were re-suspended in an appropriate 

volume of PBBS buffer for further downstream application.   

3.5.3 Preparation of Bone marrow 

A bone marrow cell suspension was achieved by flushing the femur and tibia of each hind leg with 

a 23G-hollow needle with PBBS. An aliquot for counting the cells was pipetted out. The cells were 

subsequently centrifuged at 1200 rpm for 10 minutes and the supernatant was discarded. Based on 

the cell number the cells were re-suspended in an appropriate volume of buffer suitable for down-

stream applications. 

3.5.4 Preparation of Bone marrow derived dendritic cells 

For generating mouse DCs, the bone marrow from a naïve mouse was prepared as described above 

and re-suspended in 50 mL mouse DC media supplemented with 1 ng/mL mouse recombinant 

interleukin 4 (mrIL4) and 5 ng/mL mouse recombinant granulocytes monocytes colony stimulating 

factor (mrGM-CSF). 10 mL of medium with cell suspension were then seeded into a 10 cm cell 

culture dish and incubated at 37 °C and 5 % CO2 for seven days. After 24 hours an additional 10 

mL of supplemented mouse DC media was added to the culture. Five days after seeding, the cells 

were washed once by centrifuging the cell culture media at 1100 rpm for 6 min (these cells are 

non-adherent). The cells were then re-suspended in 15 mL supplemented mouse DC media and 

cultured for another two days. Seven days after initially seeding the bone marrow cells, the 

differentiated DCs could be used for other applications. 

3.5.5 Cell counting 

To count cells, an aliquot of the cell suspension was mixed with 0.4 % trypan blue. Dead cells are 

more permeable than live cells to trypan blue and these cells stain blue. An appropriate dilution 
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was chosen to count the cells and only live cells were counted for the determination of cell 

numbers. The cells were counted using either: a disposable haemocytometer, a CellometerTM 

Auto T4 counting chamber or a Neubauer counting chamber. The counting was performed using 

a light microscope (haemocytometer and Neubauer chamber) or the CellometerTM Auto T4 cell 

counter with the appropriate settings. The Cellometer automatically displayed the absolute cell 

count and dead cells were excluded. For manual cell counting the cell number was determined by 

counting four squares of a big 16-square field in the chamber. The absolute cell number was then 

calculated by multiplying the average cell count with the chamber factor (1x104), the dilution 

applied to the sample and the volume of the cell suspension. 

3.6 Cell culture of cell lines   

Adherent cells were grown in a monolayer using the appropriate culture medium. For Mus dunni 

cells normally RPMI 1640, along with 10 % FCS and 1 % Pen-Strep was used. All cells lines were 

maintained at 37 °C and 5 % CO2 and checked regularly. Depending on the cell line, the cells were 

passaged as soon as they grew to ~95% confluence. To passage cells, the medium was discarded 

and cells were washed once with PBS. Trypsin-EDTA (3mL) was then added and the cells checked 

frequently for their morphology under a light microscope. When the cells appeared round they 

were carefully re-suspended in 7 mL of complete cell culture media to inhibit the trypsin. To wash 

the cells, they were transferred into a 50 mL tube and centrifuged at 520xg for 7 min. Cells were 

then counted (if required) and seeded into a fresh tissue culture flask followed by incubation at 37 

°C and 5 % CO2 until ready for use. 

3.7 Infectious centre assay (IC Assay) 

To detect the number of infectious centres of FV-infected cells, 2x104 Mus dunni cells in 2 mL 

complete RPMI were seeded into each well of a 6-well plate. The cells were then incubated over 

night at 37 °C with 5 % CO2. The following day mouse cell suspensions (derived from spleen or 

bone marrow of FV-infected mice) were prepared, a 10-fold dilution series formed (starting with 

1x108 cells) and 1mL of each dilution was added to a single well of the 6-well plate. The plate was 

then incubated for three days under the same conditions. During this incubation period, infected 

cells spread the infection to the Mus dunni cells via cell-cell contacts. Cell division of the Mus 

dunni transfers the provirus to their daughter cells and an infected cell colony forms. To visualize 

the infected cell clones, the media on the Mus dunni cells was discarded and the cells were fixed 
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by overlaying them with 95 % ethanol for 15 min. The ethanol was discarded and the plates washed 

twice with PBS plus 0.1 % BSA. The cells were then incubated for 2 hours at room temperature 

or in refrigerator for overnight with 700μL of culture supernatant of an AB720 producing 

hybridoma cell line. AB720 antibody specifically binds to the Env-protein of F-MuLV recognizing 

FV-infected cells. After two hours the plates were washed twice with PBS plus 0.1 % BSA. 700μL 

of a 1:400 dilution (into PBS) of secondary antibody conjugated to HRP (goat-α-mouse- IgG2b-

HRP (0.05mol/L)) was added to the cells for 90 min. After the incubation, the antibody was 

discarded and the plates were washed twice with PBS. The cells were then incubated for 20 min 

in the dark with 2 mL of fresh AEC substrate solution. A red precipitate is formed by conversion 

of the soluble substrate AEC in the substrate solution into an in-soluble precipitate catalyzed by 

the HRP coupled to the secondary antibody. The substrate solution was discarded and the plates 

were washed twice with H2O. After the plates had dried over night the red spots in each well were 

counted and calculated for 1x106 added cells. To determine the IC count per 1x106 spleen or bone 

marrow cells the mean off all dilutions was formed. The appearance of red dots after developing 

the assay indicated functionality. 

3.8 Stimulation of freshly isolated mouse spleen cells for cytokine production 

For the intracellular staining of cytokines (like TNFα, IFNγ and IL-2), freshly isolated mouse 

spleen cells were stimulated in vitro. The wells of a Nunc MaxiSorp 96- well plate were coated 

with 50μL purified αCD3 antibody (10μg/ml) in sodium carbonate coating buffer. The coating of 

the plate was performed for overnight at 4°C. After α-CD3 coating, the plate was washed three 

times with PBS. For stimulation of freshly isolated mouse cells, 1x10
7 

cells were added to each 

well in duplicates. The cells were re-suspended in complete RPMI medium supplemented with 

50μM beta mercaptoetanol (β-ME), 2μg/ml purified α-CD28 and 2μg/ml brefeldin A (BFA) and 

incubated for 5 hours at 37°C. After stimulation, the cells were transferred into new wells and 

stained for surface molecules and intracellular cytokines. For controls, a sample was left 

unstimulated but stained with intracellular antibodies and a stimulated sample did not get stained 

with the intracellular antibodies. 
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3.9 Multicolor Flow cytometry 

3.9.1 Principle of flow cytometry 

Flow cytometry is a method to determine and characterize the physical and chemical features the 

particles in the suspension which pass thought a laser. Usually, for the characterization of cells in 

the single cell suspension, cells were previously stained with antibodies conjugated with 

fluorochrome. By excitation with light of a specific wavelength, the electrons in the fluorochrome 

are shifted to a higher energy level. When they fall back, energy is released as photons with a 

specific wavelength. The optic system of flow cytometers is composed of lasers of different 

wavelengths, mirrors and filters (Fig. 3.1). Cells in a heterogeneous single-cell suspension pass a 

laser beam through a nozzle in a stream of sheath fluid. Passing cells scatter the light of the laser. 

A forward scatter (FSC) detector detects the scatter in the axis of the light, measuring the size of 

the cell. A side scatter (SSC) detector detects the light which is scattered in a 90° angle to the light 

axis and measures the cell granularity. Antibodies coupled to a fluorochrome target intracellular 

proteins or proteins on the cell surface and the intensity of the every fluorochrome excitation can 

be measured by flow cytometer. 
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Figure 3.1 Schematic overview of a typical flow cytometer setup 

Two lasers send light through the sample. The light emitted by the sample is then isolated by 

different filters and sent to the different PMT detectors. The PMT detectors transform and enhance 

the optional signal into an electric signal, which can then be visualized in the analysis software on 

a computer. (Adapted from www.flowjo.com) 

These properties can be used to distinguish different cell populations. The emitted light passes 

certain filters and mirrors. Sensors detect light only of a specific wavelength. Thus, cells provide 

signals for certain detectors, depending on the fluorochrome bound to the antibody. The emitted 

fluorescence allows the characterization of individual cell populations by means of the 

protein/marker expression. After measurement, cells can be displayed in dot plot diagrams 

reflecting the intensity of fluorescent signals received by the detectors. Gates can be set in the 

diagram including the cells of interest for the characterization of certain cell populations due to 

size, granularity or fluorescent properties.  
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3.9.2 Staining of mouse cells for flow cytometry 

For flow cytometry cell staining of mouse cells usually 3-7x10
6 
cells per sample of freshly isolated 

mouse cells were transferred into a well of a 96-well U-bottom plate and washed with the 

additional 150μl FACS buffer at 1400rpm for 4 min at 4 °C. The supernatant was discarded by 

flicking the plate. 

3.9.2.1 Cell surface staining  

In case of staining of myeloid cells FC blocker was added to prevent the unspecific binding of 

antibodies. In prior to performing the surface staining, cells were re-suspended in 50μl FC block 

diluted in FACS buffer and incubated in dark for 15 min at room temperature (RT). After 

incubation time an antibody mix was prepared in 50μl FACS buffer and added to the cells. The 

cells were re-suspended in the antibody mix and incubated for 15 min at room temperature or 20 

min at 4 °C. After incubation, the cells were washed by addition of 150μl FACS buffer per well 

and centrifuged at 1400rpm for 4 min. The cells were then either re-suspended in FACS buffer for 

further processing or directly transferred into FACS tubes for measurement on the LSRII or fixed 

as described below. 

3.9.2.2 Fixation and permeabilization for intracellular staining   

Depending on the localization of intracellular antigens different protocols of cell fixation and 

permeabilization were performed.  Cells were either fixed with Cytofix/Cytoperm (BD 

Biosciences) if only cytoplasmic molecules were to be detected or with Foxp3 staining kit 

(Invitrogen (by Thermo Fischer Scientific)) for the detection of cytoplasmic and nuclear antigens. 

For the detection of cytoplasmic antigens cell were re-suspended in 100μL fixing buffer of 

Cytofix/Cytoperm kit and incubated for 10 minutes at room temperature. Next the cells were 

washed with addition of 100μLCytofix/Cytoperm wash buffer and centrifuged at 1200rpm for 3 

min and proceeded for intracellular staining’s.  

If nuclear molecules were to be stained, the Foxp3 staining kit was used. The cells were re-

suspended in 100μL Foxp3 Fix/Perm fixing solution which was prepared according to the 

manufacturer’s instructions (1:4 of Foxp3 Fix/Perm concentrate into diluent). The cells were left 

to fix for 2 to 4 hours or overnight at 4 °C. To stop the reaction 100μL of Foxp3 Fix/Perm wash 

buffer was added to each well and the cells were centrifuged at 1200rpm for 3 minutes at RT. The 
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cells were then subsequently washed with the addition of 150µl of FACS buffer and centrifuged 

at 1200rpm for 3 minutes at RT. Subsequently the cells were resuspended in FACS buffer for this 

application and acquired immediately on the LSRII. 

3.9.2.3 Intracellular and intranuclear staining 

For intracellular and intranuclear staining, an antibody mix was prepared in 50μl of either 

Cytofix/Cytoperm wash buffer or Fix/Perm wash buffer (Foxp3 staining set). The cells were re-

suspended in the antibody mix and stained for 30 min at 4 °C and, after addition of 100μl of the 

appropriate buffer, centrifuged at 1200rpm for 3 minutes. The cells were re-suspended in 150 µl 

of FACS buffer and washed and later transferred into 200 µl of FACS tubes for acquisition on the 

LSRII. 

3.9.2.4 Live dead staining 

The exclusion of dead cells and cellular debris in flow cytometry was performed using the dye 

propidium iodide (PI) or fixable viability dye (FVD). In healthy cells, the cell membrane prevents 

access of PI to DNA. However, in damaged, apoptotic or dead cells, the membrane is not intact 

and unable to play its preventing function, allowing rapid PI access into the cell nucleus and DNA 

with which it interacts. This dye is useful for the DNA analysis and the dead cell exclusion during 

flow cytometric analysis. 0.5μl of PI was added to the stained cells in 300μl FACS buffer to the 

sample and immediately acquired. 

Discrimination of dead cells in intracellular staining was performed with help of Fixable Viability 

Dye (FVD). FVD is a viability dye that can be used to label dead cells prior to fixation and/or 

permeabilization procedures. FVD stain is based on the reaction of a fluorescent reactive dye with 

cellular proteins (amines). These dyes cannot penetrate live cell membranes, so only cell surface 

proteins are available to react with the dye, resulting in dim staining. The reactive dye can infuse 

the damaged membranes of dead cells and stain both the interior and exterior amines, resulting 

more intense staining. FVD eF780 was added in amount of 1μl per 1 mL of cells together with the 

surface staining antibodies. 
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3.9.2.5 Tetramer class I staining 

For the detection of Db-GagL-specific CD8+ T cells, spleen cells were stained with PE labelled 

MHC class I H2-Db (Beckman Coulter, Marseille, France) tetramers specific for FV GagL peptide 

(Chen et al., 1996; Schepers et al., 2002) as described previously (Zelinskyy et al., 2009). 

3.9.3 Staining of human PBMCs  

Human PBMCs were thawed and stimulated with PHA (1µg/ml) and IL-2 (10ng/ml) at 37°c and 

5 % CO2 for two days. After two days cells were washed and cell count was performed. To infect 

the cells an MOI of 0.005 wild type HIV-1 virus stock was used. Infected cells were resuspended 

into wells and then transferred to FACS tube. The cells were centrifuged at 1500 rpm for 5 minutes, 

and supernatant were discarded. The pellets were resuspended into 100µl of antibody mixture and 

incubated at room temperature for 10 minutes. 300µl of FACS buffer was added to the tube with 

cells and antibody mixture and spun for 5 minutes at 1500 rpm. Supernatant were discarded and 

to the tubes 150µl of Biolegends Fix perm was added and incubated at RT for 20 minutes. Cells 

were washed for 5 minutes at 1500 rpm with 300µl of Biolegend Permwash buffer and 

supernatants were discarded afterwards. Antibody solution for intracellular staining was added to 

the cells and incubated at room temperature for 30 minutes. After incubation the cells were washed 

thrice with 300µl of Biolegend permwash buffer for 5 minutes at 1500 rpm and supernatant was 

discarded. Later the cells were resuspended into 150µl of FACS buffer. Finally the cells were 

resuspended in 100µl of 4% paraformaldehyde and incubated at least for 2hr at RT and the cells 

were ready to be acquired. 

3.10 Statistical analysis 

Statistics comparing the two groups were done using the unpaired non-parametric t-test or Mann-

Whitney t-test. When more than two groups were compared, a one-way ANOVA was used with a 

Tukey post-test. (GraphPad Prism software; GraphPad Software Inc., San Diego, USA). 
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4. Results 

Previous studies have shown that the expression of PD-L1 was increased on myeloid cells (Gr1+) 

during the acute phase of FV (175). Myeloid cells are composed of different subpopulations, and 

apart from PD-L1 there are other inhibitory ligands expressed on the surface of myeloid cells. The 

main aim of this study was to determine which myeloid subpopulations are the targets of FV 

infection and how infection changes the expression of different inhibitory ligands as well as 

functional properties of myeloid subpopulations. 

4.1 Characterization of myeloid cells during acute FV infection  

Myeloid cells originate from hematopoietic stem cells in the bone marrow and are comprised of 

functionally and morphologically different cell populations. Granulocytes and monocytes are the 

most abundant populations of cells in the spleen. The monocytes further differentiate into 

macrophages and myeloid dendritic cells (mDCs). For the following phenotypic and functional 

analysis it was necessary to differentiate each of these myeloid subpopulations from other non-

myeloid cells in spleens of infected animals. A combination of conjugated antibodies was designed 

for the determination of subpopulations of myeloid cells by multicolor flow cytometry (176, 177). 

The definition of myeloid subpopulations was performed using the following steps of FACS 

gating. Initially the whole leucocytes were separated from erythrocytes and debris (Fig. 4.1A). 

Clumps were removed by gating on single cells (singlets) (Fig. 4.1B). Later, myeloid 

subpopulations (CD11b+) were separated from non-myeloid and dead cells. For the exclusion of 

non-myeloid cells the lineage markers of T cells (CD3), B cells (CD19), NK cells (NK1.1) and 

erythroblasts (Ter119) were used (Fig. 4.1C). Myeloid CD11b+ cells were further divided into 

granulocytes (CD11b+Ly6GhighLy6Clow) and monocytes (CD11b+Ly6ChighLy6Glow) (Fig. 4.1D). 

CD11b+ cells, which were double negative for Ly6G and Ly6C but expressed CD11c, were 

defined as myeloid dendritic cells (mDCs) (CD11b+CD11c+Ly6G-Ly6C)  and as macrophages 

(CD11b+F4/80+CD11c-Ly6G-Ly6C-) accordingly to their expression of F4/80 (Fig. 4.1E).   

Mice were infected with FV for 6, 8, 10, or 12 days and splenocytes were isolated to perform a 

kinetic analysis of FV infection in myeloid cells. Using flow cytometry, enumeration of the 

different myeloid subpopulations was done. A decline in the number of granulocytes was seen on 

10 and 12 days after infection, but this was not statistically significant in comparison to naïve mice 

(day 0) (Fig. 4.2 A). A statistically significant decrease in the frequencies of monocytes (Fig. 4.2B) 
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was observed on day 8, 10, and 12 after infection in comparison to naïve mice. A significant drop 

in the frequencies of macrophages was also seen on 10 and 12 days after infection in comparison 

to the naïve mice (Fig. 4.2C). Frequencies of mDCs showed a statistically significant decline on 

6, 8, 10, and 12 days after FV infection in comparison to the naïve animals (Fig. 4.2D). The data 

suggests that FV infection resulted in a reduction of all subpopulations of myeloid cells at day 10 

and 12 after infection.        

                                 

Figure 4.1 Gating strategy for the definition of myeloid subpopulations   

Multi-parameter flow cytometry analysis was used to determine the myeloid subpopulations in a 

mouse spleen. Dot plots of a representative mouse are shown for the gating strategy to define the 

main myeloid subpopulations. The gating of whole leucocytes (FSC/SSC) (A), singlets (FSC-

H/FSC-A) (B), and CD11b-positive/ lineage negative cells (CD3, CD19, NK1.1, and Ter119) was 

performed for detection of live myeloid cells (C).  Myeloid CD11b positive cells were divided into 

granulocytes (Ly6Ghigh Ly6Clow) and monocytes (Ly6Chigh Ly6Glow) (D). The population of Ly6C- 

Ly6G- cells was defined as mDC (CD11chighF4/80low) and macrophages (F4/80high CD11clow) (E).  
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Figure 4.2 Frequencies of myeloid subpopulations during acute FV infection in the spleen 

C57BL/6 mice were infected with FV and splenocytes were isolated at different time points after 

infection. Multi-parameter flow cytometry analysis was used to determine the numbers of different 

myeloid subpopulations. Frequencies of granulocytes (CD11b+ Ly6Ghigh Ly6Clow) (A), monocytes 

(CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ CD11clow) (C), 

and mDC (CD11b+ Ly6Glow Ly6C low F4/80low CD11c+) (D) per one million of nucleated cells in 

the spleen at different time points after infection were calculated. Each bar represents the mean 

number plus SEM per one million nucleated cells for a group of 5 - 9 mice. Data were pooled from 

three independent experiments with similar results. Differences between naïve (day 0) and 6, 8, 

10, and 12 days infected mice were analyzed using one-way ANOVA with a Tukey post-test 

(*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 
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Our next step was to comprehend which myeloid subpopulation serves as target for virus infection. 

In order to determine the cells with replicating FV, mice were infected with FV encoding m-

Wasabi, which is a green fluorescent dye. Cells which expressed m-Wasabi were defined as FV 

infected and the remnant as non-infected. For the characterization of infection of myeloid cells, 

the numbers of m-Wasabi expressing cells per one million spleen cells were determined. Also 

percentages of infected cells for each myeloid subpopulation are shown. High frequencies of 

infected cells were observed for granulocytes (Fig. 4.3A) and monocytes (Fig. 4.3C) on 6 days 

post infection, whereas a strong reduction in infected granulocytes and monocytes number was 

observed on 10 and 12 days post infection. Similar results were obtained for percentages of 

infected cells, with infected granulocytes (Fig. 4.3B) reaching 4.36% on day 6 and 2.68% on day 

8 post infection, but dropped on 10 (0.42%) and 12 (0.19%) days post infection. Also monocytes 

(Fig. 4.3D) had higher infection rates on 6 (5.19%), and 8 (4.07%) days post infection, with a drop 

on 10 (0.88%) and 12 (0.29%) days post infection. The frequency of infected macrophages and 

mDCs showed similar kinetics, however the total numbers (Fig. 4.3E and 4.3G) and percentages 

(Fig. 4.3F and 4.3H) of infected cells were much lower than for granulocytes or monocytes. 

Considering the frequencies of infected cells in the spleen, granulocytes and monocytes were the 

main reservoir of FV in the myeloid subpopulations during the acute phase of infection.   

To determine the expression of different inhibitory ligands on FV infected myeloid cells during 

the acute phase of FV infection, a kinetic analysis of the mean fluorescent intensity of PD-L1, PD-

L2, CD270 (HVEM), CD80, CD86, CD200, and CD48 on infected and non-infected myeloid cells 

was performed. The expressions of inhibitory ligands on the surface of infected myeloid cells (m-

Wasabi+) were compared with the expressions of the same ligand on the non-infected myeloid 

subpopulation (m-Wasabi-) and both infected and non-infected cells were compared with the same 

subpopulation of myeloid cells from naïve mice (day 0). PD-L1 is one of the two ligands for PD-

1 and plays crucial role in regulating T cell activation and tolerance (157). The expression of PD-

L1 on infected granulocytes was significantly increased on 10 (MFI 4150) and 12 (MFI 3299) days 

after infection, whereas no such differences were observed on 6 and 8 days after infection in 

comparison to the expression of PD-L1 on granulocytes from naïve mice (MFI 1718). The 

expression of PD-L1 on infected granulocytes was also significantly enhanced when compared to 

non-infected granulocytes from infected mice on 10 (MFI 1495) and 12 (MFI 1030) days post 

infection, but not on 6 and 8 days post infection. No differences were observed between the 
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granulocytes from naïve mice and non-infected granulocytes from infected mice on 6 (MFI 1414), 

8 (MFI 1684), 10 (MFI 1495) and 12 (MFI 1030) days after infection (Fig. 4.4A). 
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Figure 4.3 Frequencies of FV infected Wasabi+ subpopulations of myeloid cells 

 C57BL/6 mice were infected with FV encoding mWasabi and splenocytes were isolated at 

different time points after infection. Multi-parameter flow cytometry analysis was used to analyze 

the kinetics of different infected (Wasabi+) myeloid subpopulations. A bar plot showing the 

frequencies per 1 million cells of infected granulocytes (CD11b+ Ly6Ghigh Ly6Clow Wasabi+) (A), 

infected monocytes (CD11b+ Ly6Chigh Ly6Glow Wasabi+) (B), infected macrophages (CD11b+ 

Ly6Glow Ly6C low F4/80+ CD11clow Wasabi+) (C), and infected mDC (CD11b+ Ly6Glow Ly6Clow 

F4/80low CD11c+ Wasabi+) (D). A bar plot showing the percentage of infected granulocytes 

(CD11b+ Ly6Ghigh Ly6Clow Wasabi+) (E), monocytes (CD11b+ Ly6Chigh Ly6Glow Wasabi+) (F), 

macrophages (CD11b+ Ly6Glow Ly6Clow F4/80+ CD11clow Wasabi+) (G), and mDC (CD11b+ 

Ly6Glow Ly6Clow F4/80low CD11c+ Wasabi+) (H).  

 

PD-L1 expression on infected monocytes was significantly increased on 6 (MFI 3226), 10 (MFI 

4099) and 12 (MFI 3234) days after infection in comparison to the monocytes from naïve mice 

(MFI 1573) and on day 10 (MFI 1822) and 12 (MFI 1434) when compared to the non-infected 

monocytes from infected mice. No differences were observed between the non-infected monocytes 

from infected mice and monocytes from naïve mice (Fig. 4.4B). The expression of PD-L1 on 

infected macrophages was significantly increased on 6 (MFI 3132), 8 (MFI 3231), 10 (MFI 4071), 

and 12 (MFI 3583) days after infection in comparison to the macrophages from naïve mice (MFI 

1040). The expression of PD-L1 was significantly increased on infected macrophages in 

comparison to the non-infected macrophages from infected mice on 10 (MFI 1539) and 12 (MFI 

1173) days post infection, whereas no difference was found on 6 and 8 days post infection. No 

differences were observed between the non-infected macrophages from infected mice and 

macrophages from naive mice (Fig 3.4C). The expression of PD-L1 on infected mDCs was 

significantly increased on 6 (MFI 3853), 8 (MFI 4281), 10 (MFI 5071), and 12 (MFI 3411) days 

after infection in comparison to the naïve mDCs (MFI 1121) and on 6 (MFI 2144), 10 (MFI 1764), 

and 12 (MFI 1579) days post infection compared to the non-infected cells. No differences were 

observed between the non-infected mDCs from infected mice and mDCs from naïve mice (Fig. 

4.4D). Thus, all analyzed subpopulations of infected myeloid cells strongly enhanced the 

expression of PD-L1 on their cell surface upon FV infection. The highest values of PD-L1 MFI 
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for infected myeloid cells were seen on day 10 and day 12 after FV infection. The expression of 

PD-L1 on different subpopulations of non-infected myeloid cells in infected mice showed only a 

tendency of enhancement. Thus, mainly virus infection on a single cell level drives upregulation 

of PD-L1 in myeloid cells.  

 

Figure 4.4 Expression of PD-L1 on different myeloid subpopulations after FV infection 

C57BL/6 mice were infected with FV-mWasabi and splenocytes were isolated at different time 

points after infection. Multi-parameter flow cytometry analysis was used to compare the mean 

fluorescent intensity (MFI) of PD-L1 on the surface of infected (wasabi+; red), non-infected 

(wasabi-; blue) and naive (day 0; brown) granulocytes (CD11b+ Ly6Ghigh Ly6Clow) (A), 

monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ 

CD11clow) (C), and mDC (CD11b+ Ly6Glow Ly6Clow F4/80low CD11c+) (D). Each dot represents 

an individual mouse, the mean MFI of PD-L1 are indicated. Data were pooled from three 
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independent experiments with similar results. Differences between 0 and 6, 8, 10, and 12 days 

were analyzed using one-way ANOVA was used with a Tukey post-test (*p<0.05, **p<0.005, 

***p<0.0005, ****p<0.0001). Differences between infected and non-infected cells were analyzed 

using unpaired t-test and are indicated in the figure (#p<0.05, ##p<0.005, ###p<0.0005, 

####p<0.0001). 

PD-L2 is the other ligand of PD-1. PD-L1 is expressed on APCs and can be induced on various 

immune cells in response to inflammatory factors (157, 178). The expression of PD-L2 on infected 

granulocytes was significantly increased on 10 (MFI 4159) and 12 (MFI 5257) days after infection, 

whereas no differences were observed on 6 and 8 days after infection in comparison to the 

granulocytes from naïve mice (MFI 190). The expression of PD-L2 on infected granulocytes was 

strongly enhanced in comparison to the non-infected granulocytes from infected mice on 10 (MFI 

326) and 12 (MFI 175) days post infection, but not on 6 and 8 days post infection. No differences 

in the expression of PD-L2 were observed between the granulocytes from naïve mice and non-

infected granulocytes from infected mice (Fig. 4.5A). On monocytes, the expression of PD-L2 on 

infected cells was significantly increased on 10 (MFI 2558) and 12 (MFI 2681) days after infection 

in comparison to the monocytes from naïve mice (MFI 160), but not on the 6 and 8 days post 

infection. The expression of PD-L2 on infected monocytes was significantly enhanced when 

compared to the non-infected monocytes from infected mice on 10 (MFI 157) and 12 (MFI 146) 

days post infection, whereas no differences were observed on 6 and 8 days post infection. No 

differences were observed between the non-infected monocytes and the monocytes from naïve 

mice (Fig. 4.5B). On macrophages, the expression of PD-L2 on infected cells was significantly 

increased on 8 (MFI 2001), 10 (MFI 4537) and 12 (MFI 4159) days after infection in comparison 

to the macrophages from naive mice (MFI 198). The expression of PD-L2 on infected 

macrophages was significantly increased when compared to non-infected macrophages on 8 (MFI 

253), 10 (MFI 273), and 12 (MFI 266) days after infection, but no differences were observed on 

day 6 post infection. No differences were either observed between the macrophages from naïve 

mice and non-infected cells from infected macrophages (Fig. 4.5C). On mDCs, the expression of 

PD-L2 on infected cells was significantly increased on 6 (MFI 2387), 8 (MFI 1633), 10 (MFI 

4008), and 12 (MFI 3626) days after infection in comparison to the mDCs from naive mice (MFI 

232). The expression of PD-L2 on infected cells was significantly higher when compared to non-

infected mDCS from infected mice on 6 (MFI 293), 8 (MFI 111), 10 (MFI 269), and 12 (MFI 246) 



4 - Results 
 

61 
 

days post infection. No differences in the expression of PD-L2 were observed between the non-

infected mDCs from infected mice and mDCs from naïve mice (Fig. 4.5D). 

    

 

Figure 4.5 Expression of PD-L2 on different myeloid subpopulations after FV infection.  

C57BL/6 mice were infected FV-mWasabi and splenocytes were isolated at different time points 

after infection. Multi-parameter flow cytometry analysis was used to compare the mean fluorescent 

intensity (MFI) of PD-L2 on the surface of infected (Wasabi+; red), non-infected (Wasabi-; blue) 

and naive (day 0; brown) granulocytes (CD11b+ Ly6Ghigh Ly6Clow) (A), monocytes (CD11b+ 

Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ CD11clow) (C), and mDC 

(CD11b+ Ly6Glow Ly6Clow F4/80low CD11c+) (D). Each dot represents an individual mouse, the 

mean MFI of PD-L2 are indicated. Data were pooled from three independent experiments with 

similar results. Differences between 0 and 6, 8, 10, and 12 days were analyzed using one-way 

ANOVA was used with a Tukey post-test (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 
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Differences between infected and non-infected cells were analyzed using unpaired t-test and are 

indicated in the figure (#p<0.05, ##p<0.005, ###p<0.0005, ####p<0.0001). 

Thus it can be summarized that infected myeloid cells strongly enhanced the expression of PD-L2 

on the cell surface. Infected granulocytes and infected monocytes enhanced the PD-L2 expression 

on 10 and 12 days post infection, whereas infected macrophages and infected mDCs enhanced PD-

L2 expression at earlier time points of infection. 

CD270 or HVEM (TNFRSF14) is a protein of the TNF superfamily that serves as a common ligand 

for the costimulatory (LIGHT and LTα) and co-inhibitory (CD272 and CD160) receptors on T and 

B cells (179). The expression of CD270 on infected granulocytes was significantly increased on 

10 (MFI 2837) and 12 (MFI 3619) days after infection, whereas no differences were observed on 

6 and 8 days after infection between the infected granulocytes and granulocytes from naïve mice 

(MFI 1211). The expression of CD270 on infected granulocytes was significantly increased in 

comparison to the non-infected granulocytes on 10 (MFI 1392) and 12 (MFI 1159) days post 

infection, however no significant change on 6 and 8 days post infection was observed. No 

differences were observed between the non-infected granulocytes from infected mice and 

granulocytes from naïve mice (Fig. 4.6A). On monocytes, the expression of CD270 on infected 

cells was significantly increased on 10 (MFI 2755) and 12 (MFI 2911) days after infection. No 

difference between infected monocytes and naïve monocytes (MFI 1368) was observed on 6 and 

8 days after infection. The expression of CD270 on infected monocytes was significantly increased 

when compared to non-infected monocytes of the same mice on 10 (MFI 1392) and 12 (MFI 1440) 

days post infection. No CD270 upregulation was observed between the monocytes from naive 

mice and non-infected monocytes from infected mice (Fig. 4.6B). On macrophages, the expression 

of CD270 on infected cells was significantly increased on 6 (MFI 1280), 8 (MFI 1761), 10 (MFI 

3400), and 12 (MFI 2549) days after infection in comparison to the cells from naive mice (MFI 

564). The expression of CD270 on infected macrophages was significantly increased in 

comparison to the non-infected macrophages on 6 (MFI 502), 8 (MFI 407), 10 (MFI 577), and 12 

(MFI 622) days post infection from the same mice. No changes were observed between the 

macrophages from naïve mice and non-infected macrophages from infected mice (Fig. 4.6C). On 

mDCs, the expression of CD270 on infected cells was significantly increased on 6 (MFI 1761), 8 

(MFI 2099), 10 (MFI 3279), and 12 (MFI 2301) days after infection in comparison to the cells 
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from naive mice (MFI 593). The expression of CD270 on infected mDCs was highly significant 

in comparison to the non-infected mDCs on 6 (MFI 673), 8 (MFI 647), 10 (MFI 576) and 12 (MFI 

496) days post infection from the same mice. Whereas no significant difference in the expression 

of CD270 between the non-infected mDCs and mDCs of naive mice was observed (Fig. 4.6D). 

Thus, very similar pattern to PD-L1 and PD-L2 expression was observed for the CD270 expression 

on infected myeloid cells. 

 

Figure 4.6 Expression of CD270 on different myeloid subpopulations after FV infection.  

C57BL/6 mice were infected FV-mWasabi and splenocytes were isolated at different time points 

after infection. Multi-parameter flow cytometry analysis was used to compare the mean fluorescent 

intensity (MFI) of CD270 on the surface of infected (Wasabi+; red), non-infected (Wasabi-; blue) 

and naive (day 0; brown) granulocytes (CD11b+ Ly6GhighLy6Clow) (A), monocytes (CD11b+ 

Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ CD11clow) (C), and mDC 

(CD11b+ Ly6Glow Ly6Clow F4/80low CD11c+) (D). Each dot represents an individual mouse, the 

mean MFI of CD270 are indicated. Data were pooled from three independent experiments with 
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similar results. Differences between 0 and 6, 8, 10, and 12 days were analyzed using one-way 

ANOVA was used with a Tukey post-test (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 

Differences between infected and non-infected cells were analyzed using unpaired t-test and are 

indicated in the figure (#p<0.05, ##p<0.005, ###p<0.0005, ####p<0.0001). 

 

Infected cells enhanced the expression of CD270 on granulocytes and monocytes during late acute 

phase of infection, whereas the expression on macrophages and mDCs were already enhanced at 

early time points of infection.  

CD80 belongs to the B7 ligand family and are a part of the Ig gene superfamily. CD80 is a 

regulatory ligand expressed on the surface of antigen presenting cells and interacts with CD28 or 

CTLA4 (180). The expression of CD80 on infected granulocytes was significantly increased on 8 

(MFI 1410), 10 (MFI 2313), and 12 (MFI 2076) days after infection in comparison to granulocytes 

from naïve mice (MFI 800), but no difference was observed on day 6 post infection. No significant 

differences were observed between infected and non-infected mice on 6, 8, 10, and 12 days post 

infection, nor were any changes seen between the granulocytes from naïve mice and non-infected 

granulocytes from infected mice (Fig. 4.7A). On monocytes, the expression of CD80 on infected 

cells was significantly increased on 6 (MFI 2385) and 10 (MFI 4283) days after infection in 

comparison to the monocytes from naive mice (MFI 843), whereas no significant changes were 

observed on 8 and 12 days post infection. The expression of CD80 on infected monocytes was 

significantly increased when compared to non-infected monocytes from infected mice on 6 (MFI 

780), 8 (MFI 703), 10 (MFI 875), and 12 (MFI 1358) days post infection, whereas no differences 

were observed between the monocytes from naïve mice and non-infected monocytes from infected 

mice (Fig. 4.7B). The expression of CD80 on infected macrophages was significantly increased 

on 10 (MFI 4296) and 12 (MFI 3894) days post infection in comparison to macrophages from 

naïve mice (MFI 274), whereas no changes were observed on infected granulocytes in comparison 

to the granulocytes from naïve mice on 6 and 8 days post infection. The expression of CD80 on 

infected macrophages was significantly increased in comparison to the non-infected macrophages 

from infected mice on 10 (MFI 1220) and 12 (MFI 1199) days post infection, but no changes were 

observed on 6 and 8 days. No differences were observed between macrophages of naïve mice and 

non-infected macrophages from infected mice (Fig. 4.7C). On mDCs, the expression of CD80 on 
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infected cells was significantly increased on 6 (MFI 3526), 8 (3554), 10 (MFI 4352) and 12 (MFI 

4824) days post infection in comparison to the mDCs of naïve mice (MFI 960). The expression of 

CD80 on infected mDCs was significantly increased in comparison to the non-infected mDCs from 

infected mice on 10 (MFI 2280) and 12 (MFI 2323) days post infection, whereas no differences 

were observed between the mDCs of naïve mice and non-infected mDCs of infected mice (Fig. 

4.7D). Infected cells enhanced the expression of CD80 during the early phase of infection on 

granulocytes and monocytes, whereas the expression on macrophages and mDCs was enhanced 

during late acute phase of infection. Interestingly, the expression of CD80 was enhanced at 10 

days post infection on monocytes.   

 

Figure 4.7 Expression of CD80 on different myeloid subpopulations in the spleen. 

C57BL/6 mice were infected with FV-mWasabi and splenocytes were isolated at different time 

points after infection. Multi-parameter flow cytometry analysis was used to compare the mean 

fluorescence intensity (MFI) of CD80 on the surface of infected (wasabi +; red), non-infected 

(wasabi-; blue) and naive (day 0; brown) granulocytes (CD11b+ Ly6Ghigh Ly6Clow) (A), 
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monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ 

CD11clow) (C), and mDC (CD11b+ Ly6Glow Ly6Clow F4/80low CD11c+) (D). Each dot represent 

an individual mouse, the mean MFI of CD80 are indicated. Data were pooled from three 

independent experiments with similar results. Differences between 0 and 6, 8, 10, and 12 days 

were analyzed using one-way ANOVA was used with a Tukey post-test (*p<0.05, **p<0.005, 

***p<0.0005, ****p<0.0001). Differences between infected and non-infected cells were analyzed 

using unpaired t-test and are indicated in the figure (#p<0.05, ##p<0.005, ###p<0.0005, 

####p<0.0001). 

CD86 engages with CTLA4, which results in the attenuation of T cell responses or it engages with 

CD28 for the stimulation of T cells (181). The expression of CD86 on infected granulocytes was 

significantly increased on 6, 8, 10, and 12 days after infection in comparison to the granulocytes 

from naive mice.  A significant increase in the expression of CD86 was observed on the infected 

granulocytes in comparison to the non-infected granulocytes from infected mice on 8, 10 and 12 

days post infection. No differences were detected between the granulocytes from naïve mice and 

non-infected granulocytes from infected mice (Fig. 4.8A). On monocytes, increased expression of 

CD86 was observed on infected calls on 6, 8, 10 and 12 days post infection in comparison to the 

monocytes from naïve mice. A significant increase in the expression of CD86 was observed on 

infected monocytes when compared to the non-infected monocytes on 6 and 8 days post infection, 

whereas no changes were observed between the monocytes from naïve mice and non-infected 

monocytes from infected mice (Fig. 4.8B). The expression of CD86 on infected macrophages was 

significantly increased on 6, 8, and 10 days in comparison to the macrophages from naïve mice, 

but no difference was observed on day 12 post infection. Increased expression of CD86 was 

observed on infected macrophages in comparison to the non-infected macrophages from the 

infected mice on day 8 post infection. Again, no differences were observed between the 

macrophages from naïve and non-infected macrophages from infected mice (Fig. 4.8C). Similar 

to the other myeloid cells, increased expression of CD86 was observed upon infection of mDCs 

on 6, 8, 10, and 12 days post infection. A significant increase in the expression of CD86 was 

observed on infected mDCs in comparison to the non-infected mDCs from infected mice on 8 and 

10 days post infection. No differences between mDCs from naïve mice and non-infected mDCs 

from infected mice were observed (Fig. 4.8D). Taken together, infection enhanced the expression 
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of CD86 on granulocytes, monocytes, macrophages and mDCs starting at the early phase of 

infection.   

CD200 is the member of Ig supergene family, like CD80 and CD86, and CD200 interaction with 

its ligand leads to immunoregulatory functions (182). The expression of CD200 on infected 

granulocytes was significantly increased on 8 (MFI 762), 10 (MFI 1058), and 12 (MFI 1058) days 

after infection in comparison to the granulocytes from naive mice (MFI 215). No significant 

differences were observed on 6 (MFI 474) days post infection on infected granulocytes when 

compared to granulocytes of naïve mice. A significant increase in the expression of CD200 on 

infected granulocytes in comparison to the non-infected granulocytes from infected mice was 

observed on 6 (MFI 164), 8 (MFI 283), 10 (MFI 283), and 12 (MFI 144) days post infection, 

however no differences were seen between the granulocytes from naïve mice and non-infected 

granulocytes from infected mice (Fig. 4.9A). 

 

Figure 4.8 Expression of CD86 on different myeloid subpopulations in the spleen. 
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 C57BL/6 mice were infected with FV-mWasabi and splenocytes were isolated at different time 

points after infection. Multi-parameter flow cytometry analysis was used to compare the mean 

fluorescence intensity (MFI) of CD86 on the surface of infected (wasabi +; red), non- infected 

(wasabi-; blue) and naive (day 0; brown) granulocytes (CD11b+ Ly6Ghigh Ly6Clow) (A), 

monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ 

CD11clow) (C), and mDC (CD11b+ Ly6Glow Ly6Clow F4/80low CD11c+) (D). Each dot represent 

an individual mouse, the mean MFI of CD86 are indicated. Data were pooled from three 

independent experiments with similar results. Differences between 0 and 6, 8, 10, and 12 days 

were analyzed using one-way ANOVA was used with a Tukey post-test (*p<0.05, **p<0.005, 

***p<0.0005, ****p<0.0001). Differences between infected and non-infected cells were analysed 

using unpaired t-test and are indicated in the figure (#p<0.05, ##p<0.005, ###p<0.0005, 

####p<0.0001). 

On monocytes, the expression of CD200 on infected cells was increased in some mice on 10 and 

12 days after infection in comparison to the monocytes from naïve animals, however these 

differences were not significant. The expression of CD200 was significantly increased on infected 

monocytes in comparison to the non-infected monocytes on day 10 post infection. No changes 

were observed between the monocytes from naïve mice and non-infected monocytes from infected 

mice (Fig. 4.9B). On macrophages, the expression of CD200 on infected cells was increased on 

10 and 12 days after infection in comparison to the macrophages from naive mice. The differences 

were not statistically significant, and no changes were observed between the infected and non-

infected macrophages from same mice and also between non-infected and naïve mice (Fig. 4.9C). 

On mDCs, the expression of CD200 on infected cells was significantly increased on 6 (MFI 1022) 

and 8 (MFI 1230) days after infection in comparison to the mDCs from naive mice (MFI 336), no 

differences were observed on day 10 and 12. The expression of CD200 was significantly increased 

on infected mDCs in comparison to the non-infected mDCs from infected mice on 6 (MFI 387), 

10 (MFI 484) and 12 (MFI 328) days post infection. No differences were observed between the 

mDCs from naïve mice and non-infected mDCs from infected mice (Fig. 4.9D). The expression 

of CD200 on infected granulocytes was strongly increased at every analyzed time point. Infected 

mDCs cells enhanced the expression of CD200 during the early phase of infection and the 

expression of CD200 on infected monocytes and on infected macrophages was enhanced at day 

10 in comparison to non-infected cells.  
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CD48 is the ligand for CD244 (2B4) and is expressed on hematopoietic cells. Interaction of CD48-

CD244 plays a crucial role in regulating target cell lysis of NK cells and cytotoxic       T 

lymphocytes (183). An enhanced expression of CD48 on infected and non-infected granulocytes 

from infected mice was observed at day 6 (MFI 1016), 8 (MFI 1385) and 10 (MFI 1016) in 

comparison to the granulocytes from naïve mice (MFI 301). No differences were observed 

between the infected and non-infected granulocytes from the infected mice (Fig. 4.10A). Infected 

monocytes significantly enhanced the expression of CD48 on 6 (MFI 8953) and 12 (MFI 10723) 

days after infection in comparison to the monocytes from naïve mice (MFI 7562), no differences 

were observed on 8 and 10 days after infection. No differences were observed between the infected 

and non-infected monocytes from infected mice (Fig. 4.10B). Increased expression of CD48 was 

observed on infected macrophages on 6 (MFI 3831), 8 (MFI 4472), and 10 (MFI 4071) days after 

infection in comparison to macrophages from naïve mice (MFI 2963). No differences were 

observed between the infected and non-infected macrophages from infected mice (Fig. 4.10C). 

Infected mDCs significantly increased the expression of CD48 on day 10 (MFI 9729) post 

infection in comparison to the mDCs from naïve mice (MFI 7871), no changes were detected on 

6, 8 and 12 days after infection. No difference in the expression of CD86 was observed between 

the infected and non-infected mDCs from infected mice (Fig. 4.10D). Similar to other ligands with 

inhibitory function, infected myeloid cells enhanced the expression of CD48 on their cell surface.  
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Figure 4.9 Expression of CD200 on different myeloid subpopulations after FV infection.   

C57BL/6 mice were infected FV-mWasabi and splenocytes were isolated at different time points 

after infection. Multi-parameter flow cytometry analysis was used to compare the mean fluorescent 

intensity (MFI) of CD200on the surface of infected (wasabi +; red), non-infected (wasabi-; blue) 

and naive (day 0; brown) granulocytes (CD11b+ Ly6Ghigh Ly6Clow) (A), monocytes (CD11b+ 

Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ CD11clow) (C), and mDC 

(CD11b+ Ly6Glow Ly6Clow F4/80low CD11c+) (D). Each dot represents an individual mouse, the 

mean MFI of CD200 are indicated. Data were pooled from three independent experiments with 

similar results. Differences between 0 and 6, 8, 10, and 12 days were analyzed using one-way 

ANOVA was used with a Tukey post-test (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 

Differences between infected and non-infected cells were analyzed using unpaired t-test and are 

indicated in the figure (#p<0.05, ##p<0.005, ###p<0.0005, ####p<0.0001). 
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Figure 4.10. Expression of CD48 on different myeloid subpopulations in the spleen. 

C57BL/6 mice were infected with FV-wasabi complex and splenocytes were isolated at different 

time points after infection. Multi-parameter flow cytometry analysis was used to compare the mean 

fluorescence intensity (MFI) of CD48 on the surface of infected (wasabi +; red), non- infected 

(wasabi-; blue) and naive (day 0; brown) granulocytes (CD11b+ Ly6Ghigh Ly6Clow) (A), 

monocytes (CD11b+ Ly6Chigh Ly6Glow) (B), macrophages (CD11b+ Ly6Glow Ly6C low F4/80+ 

CD11clow) (C), and mDC (CD11b+ Ly6Glow Ly6Clow F4/80low CD11c+) (D). Each dot represent 

an individual mouse, the mean MFI of CD200 are indicated. Data were pooled from two 

independent experiments with similar results. Differences between 0 and 6, 8, 10, and 12 days 

were analyzed using one-way ANOVA was used with a Tukey post-test (*p<0.05, **p<0.005, 

***p<0.0005, ****p<0.0001). Differences between infected and non-infected cells were analyzed 

using unpaired t-test and are indicated in the figure (#p<0.05, ##p<0.005, ###p<0.0005, 

####p<0.0001). 
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FV infected myeloid subpopulations enhanced the expression of PD-L1, PD-L2, CD270, CD80, 

CD86, and CD48 during acute phase of FV infection. The pattern of these expression was different 

on every subpopulation for every individual molecule. The immuno-regulatory ligands provided 

signals to effector cells after getting in contact. Here, we speculate that simultaneous expression 

of different inhibitory ligands on infected myeloid subpopulations may provide the negative 

signals for CTL and prevent the infected cells from elimination.  

4.2 Expression of inhibitory receptors on FV-specific CD8+ T cells  

In the experiments described above, an enhanced expression of immunoregulatory ligands on 

different populations of infected myeloid cells was shown during FV infection. The main objective 

of the following experiments was to analyze FV-specific effector CD8+ T cells for the expression 

inhibitory receptors binding the inhibitory ligands observed on infected myeloid cells. Mice were 

sacrificed on 8, 10, and 12 days post infection and kinetic analysis of different inhibitory receptors 

(PD-1, CD272 (BTLA), CD160, CD244 (2B4), Tim3, Lag3) was performed with CD8+ T cells 

specific for the H-2Db–restricted Friend murine leukemia virus–glycosylated immundominant gag 

epitope (tetramer+) (184). The CD8+ T cells from naïve mice (day 0) were used as reference 

population of CD8+ T cells.  

PD-1 is the receptor for PD-L1 and PD-L2 (157). The percentages of virus specific tetramer+CD8+ 

T cells expressing PD-1 were significantly increased on 8, 10, and 12 days post infection when 

compared with the CD8+ T cells from naïve mice. These increased percentages of virus specific 

tetramer+CD8+ T cells expressing PD-1 on 10 and 12 days (Fig. 4.11A), were associated with 

increased expression of PD-L1 and PD-L2 on infected myeloid cells at same time points (Fig. 4.4 

& Fig. 4.5). CD272 (BTLA) and CD160 are the inhibitory receptors of the ligand CD270 (HVEM), 

which belongs to the tumor necrosis factor (TNF) receptor superfamily (185). An increase in the 

percentages of the virus-specific CD8+ T cells which expressed CD272 (Fig. 4.11B) and CD160 

(Fig. 4.11C) on 8, 10 and 12 days post infection was observed. This increase in the percentage of 

virus specific CD8+ T cells expressing inhibitory receptors CD272 and CD160 on day10 and 12 

were directly associated with the increased expression of CD270 (HVEM) on infected myeloid 

cells (granulocytes, monocytes, macrophages and mDCs) on day 10 and 12 post infection (Fig. 

4.6) . 
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2B4 is also known as CD244.2, which provides an inhibitory signal after binding to CD48 (153). 

2B4 is mainly expressed on NK cells but some reports have also reported their expression on T 

cells. Infection with FV resulted in a significant increase in the percentage of virus-specific CD8+ 

T cells expressing 2B4 at 8, 10 and 12 days post infection (Fig. 4.11D). Tim-3 is an inhibitory 

receptor, which binds to 4 different ligands (Galectin-9, phosphatidylserine, Caecam-1 and 

HMGB1) (147), and is specifically expressed on IFN-g producing CD4 and CD8 T cells. Apart 

from its expression on T cells it is also expressed by Tregs and innate immune cells. FV infection 

significantly increased the percentage of virus specific CD8+ T cells expressing Tim-3 on 10 and 

12 days post infection (Fig. 4.11E). CD200R is the inhibitory receptors for CD200 (182). FV 

infection significantly enhanced the percentage of virus specific CD8+ T cells expressing CD200R 

mainly on day 8, but the percentage declined on day 10 and 12 post infection (Fig 3.11F). The 

increase in the percentage of virus-specific CD8+ T cells expressing CD200R on day 8 was 

associated with the increased expression of CD200 on infected granulocytes (Fig. 4.9A). Lag3 is 

a receptor for MHC II molecules on infected cells. Infection with FV resulted in a significant 

increase in the percentage of virus specific CD8+ T cells expressing Lag3 on 8, 10 and 12 days 

post infection (Fig. 4.11G).   

To summarize, activation of CD8+ T cells induced by FV infection leads to an expansion of these 

virus-specific cells, which simultaneously upregulate PD-1, CD272, CD160, CD244, Tim-3, 

CD200R and Lag3 on their surface. CD8+ T cells mainly expand on day 10 and 12 post infection 

(Zelinskyy et al., 2006), which resulted in increased frequencies of PD-1, CD272, CD160 and 

CD244 positive cells.  
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Figure 4.11. Expression of inhibitory receptors on virus -specific CD8 T cells after FV 

infection  
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C57BL/6 mice were infected with FV complex and splenocytes were isolated at different time 

points after infection. Multi-parameter flow cytometry analysis was used to compare the 

percentage of cells positive for the inhibitory receptors PD-1 (A), CD272 (BTLA) (B),  CD160 

(C), 2B4 (CD244.2) (D), Tim3 (E), CD200R (F) and Lag3 (G) among CD8+ T cells specific for 

the H-2Db–restricted Friend murine leukemia virus–glycosylated immundominant gag epitope 

(tetramer+) with the percentage of CD8+ T cells in naïve mice (day0). Data were pooled from 

three independent experiments with similar results. Each dot represents an individual mouse and 

the percentage of PD-1, CD272, CD160, 2B4, Tim-3, CD200R and Lag3 and their SD is indicated. 

Differences between 0 and 8, 10, and 12 days were analyzed using one-way ANOVA was used 

with a Tukey post-test (*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001). 

Since several inhibitory receptors are expressed on CD8+ T cells during FV infection at the same 

time when inhibitory ligands appear on infected myeloid cells, it is likely that their interactions 

might contribute to T cell exhaustion and impaired virus control. This was investigated in the 

following experiments. 

4.3 Blocking CD270 interaction with its receptor CD160 and CD272 in FV infected mice  

Infected monocytes and infected granulocytes enhanced the expression of CD270 at 10 and 12 

days post infection (Fig. 6A, B). The expression of CD270 also increased, on macrophages and 

mDCs during infection. The CD270/CD272/CD160 co-inhibitory pathway has emerged as a 

potential target for the development of therapeutic interventions (179). The increased expression 

of CD270 on infected myeloid cells on day 10 and 12 (Fig. 4.6) was associated with increased 

percentages of virus specific CD8+ T cells expressing the ligands CD160 and CD272 (Fig. 4.11B, 

C). The main aim of our next experiment was to determine if these molecules have an inhibitory 

effect on cytotoxic CD8+ T cells. Two different anti-CD270 antibodies that selectively prevents 

the interaction of CD270 with its inhibitory receptors CD160 or CD272 respectively were used for 

the treatment of FV infected mice (Fig 4.12A). Treatments were performed with individual 

antibodies or in combination of the two, and as read out the CD8+ T cell response was 

characterized. Blockage of the CD270/CD272 and CD270/CD160 interaction individually and the 

combined blocking of the interaction of CD270 to both inhibitory receptors CD160 and CD272 

showed a tendency to increase the percentage of CD43+CD8+ effectors (Fig. 4.12B) and 

tetramer+CD43+CD8+ T cells (Fig. 4.12C). The combined blocking of both inhibitory receptors 
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resulted in a significant increase in the percentage of effector CD43+CD8+ T cells producing 

GzmB in comparison to FV infected non treated mice (Fig. 4.12D). Although virus-specific 

tetramer+CD43+CD8+ T cells producing GzmB also showed a tendency to increase after 

combination therapy the difference were not significant in comparison to FV infected non treated 

mice (Fig. 4.12E). Importantly, the level of FV replication was significantly reduced after 

treatment with antibodies, which prevent the binding of CD270 to the CD160 receptor or after 

combination of both anti-CD270 blocking antibodies (Fig. 4.12F). Thus, the combination 

treatment with antibodies preventing the binding of CD270 to both of its inhibitory receptors 

expressed on CD8+ T cells and resulted in enhanced numbers of GzmB producing effector CD8+ 

T cells and improved elimination of FV. This immunomodulatory therapeutic strategy directed on 

CD270 maybe a new option for the treatment of viral infections.  
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Figure 4.12 Influence of blocking the CD270 interaction with CD160 and CD272 on FV-

induced effector CD8+ T cells  

C57BL/6 mice were infected with FV and selective blocking of CD270 interaction with antibodies 

against CD160 and CD272 was performed. Splenocytes were isolated 12 days after infection and 

used for multi-parameter flow cytometry and quantifying infectious center (IC) levels. Interaction 

between CD270 and its receptors (A), selective blocking of interaction between CD270 and its 

inhibitory receptors CD272 and CD160 is shown.  The percentages of effector CD43+CD8+ T 

cells (B), and virus-specific tetramer+ CD8+ T cells (C), the percentage of effector CD43+CD8+ 

T cells producing GzmB (D), and virus-specific tetramer+ CD8+ T cells producing GzmB (E) and 

the FV load in the spleen (F) are shown. Data were pooled from two independent experiments with 

similar results. 

FV infection lead to enhanced expression of CD270 on infected granulocytes, monocytes, 

macrophages, and mDCs during acute phase of infection. The enhanced expression of ligands were 

associated with increased percentage of virus specific tetramer+ CD8+ T cells expressing CD272 

and CD160. The blocking with antibodies against the interaction of CD270 with its both inhibitory 
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receptors resulted in reduced viral load and showed tendency towards increased percentage of 

effector CD8+CD43+ T cells producing GzmB and. No changes were observed on the percentage 

of effector and virus-specific CD8+ T cells. Hence, we speculate here that other cell population 

maybe involved in the regulation of interaction between CD270 and its inhibitory receptors.     

4.4 Characterization of human myeloid cells after HIV-1 infection   

The detailed characterization of infected subpopulations of myeloid cells in the FV model showed 

the enhanced expression of different inhibitory ligands (Fig. 4.4-10). Our further aim was to 

determine if similar inhibitory ligands were also upregulated on human myeloid cells infected with 

HIV-1. PBMCs from healthy volunteers were stimulated with PHA and IL-2 for two days before 

infection with HIV-1 and the frequency of infected cells that expressed HIV capsid protein P24 

were determined by flow cytometry. The previously proposed gating strategy was again performed 

for the definition of the main human myeloid subpopulations (186, 187). Initially, the whole 

leucocytes were separated from erythrocytes and debris (Fig. 4.13A). Clumps were removed by 

gating on single cells (Fig. 4.13B) and dead cells were separated (Fig. 4.13C). Myeloid 

subpopulations were divided from the live non-myeloid cells by using the lineage markers of T 

cells (CD3), B cells (CD20), NK cells (CD56). Live cells were divided into monocytes (CD14+) 

(Fig. 4.13D), macrophages (CD11b+) (Fig. 4.13E), and mDCs (CD1c+) (Fig. 4.13F). A kinetic 

analysis of HIV P24 was performed in CD4+ T cells, monocytes, macrophages, and mDCs. Cells 

were analyzed on 3, 5, and 7 days post HIV infection. A detectible infection of all investigated cell 

populations was observed on day 3 after infection. The percentage of HIV-1 infected cells was 

highest (around 20%) in the CD4+ T cells (Fig. 4.14A) on day 7 post infection. Monocytes showed 

around 7.5% (Fig. 4.14B), macrophages around 5% (Fig. 4.14C) and mDCs around 9% (Fig. 

4.14D) HIV-1 infected cells on day 7 post infection. The in vitro infection of human PBMCs 

indicated that myeloid cells, additionally to the main targets for HIV, could also be infected. This 

data correspond with in vivo studies which revealed monocytes and macrophages as the reservoir 

of HIV during chronic infection (188, 189).  
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Figure 4.13 Gating strategy for the definition of myeloid subpopulations in human PBMC 

Multi-parameter flow cytometry analysis was used to determine the myeloid subpopulations in 

human PBMCs. Dot plots of a representative human PBMCs are shown to explain the gating 

strategy to define the main myeloid subpopulations. The gating of whole leucocytes (FSC/SSC) 

(A), single cells (FSC-H/FSC-A) (B), and live cells (FVD/FSC-A) (D), and lineage (CD3, CD19, 

CD56) negative (Lin-) monocytes (CD14+Lin-), macrophages (CD11b+Lin-) (E), and mDCs 

(CD1c+Lin-) (F). 

 

A B C 

D E F 
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Figure 4.14 HIV in vitro infection of CD4+ T cells and myeloid subpopulations from human 

PBMCs  

Human PBMCs were stimulated with PHA and IL-2 prior to infection with HIV-1 and were 

analyzed on day 3, 5, 7 after infection. Multi-parameter flow cytometry analysis was used to 

compare the percentage of p24 on different subpopulations of infected cells. Percentages of 

infected   CD4+P24+ T cells (A), infected CD14+P24+ Monocytes (B), infected CD11b+P24+ 

Macrophages (C), and infected CD1cP24+ mDCs (D). Data were pooled from two different 

experiments. Difference between day 3, 5 and 7 were analyzed using one-way ANOVA was used 

with a Tukey post-test and are indicated in the figure ((*p<0.05, *p<0.005). 
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Figure 4.15 Expression of inhibitory ligands on different myeloid subpopulations in human 

PBMCs 

Human PBMCs were stimulated with PHA and IL-2 for two days and infected with HIV-1. Multi-

parameter flow cytometry analysis was used to compare the expression (MFI) of inhibitory ligands 

on the surface of infected (P24+), non- infected (P24-) and control (stimulated PBMCs without 

HIV-1 infection) myeloid cell subpopulations at 3, 5 and 7 days after infection. Mean fluorescent 

intensity (MFI) of PD-L1 on monocytes (A), macrophages (B) and mDCs (C). Mean fluorescent 



4 - Results 
 

82 
 

intensity (MFI) of CD270 on monocytes (D), macrophages (E) and mDCs (F) are presented. Data 

were pooled from two different experiments. Difference between day 3, 5 and 7 were analyzed 

using one-way ANOVA was used with a Tukey post-test and are indicated in the figure ((*p<0.05, 

*p<0.005). 

An analysis of the PD-L1 and CD270 expression on human monocytes, macrophages and mDCs 

after HIV-1 infection was performed. The expression of inhibitory ligands on the surface of HIV-

1 infected myeloid cells (P24+) was compared with the expressions of the same ligands on the 

non-infected myeloid subpopulation (P24-) and both infected and non-infected cells were 

compared with the same subpopulation of myeloid cells from uninfected cells (control). The 

expression of PD-L1 on monocytes was significantly higher in the infected cells (P24+) in 

comparison to the non-infected (P24-) and uninfected cells on 3, 5, and 7 days post in vitro 

infection, and no differences were observed between the non-infected monocytes and control cells 

(Fig. 4.15A). On macrophages a significantly higher expression of PD-L1 was observed on 

infected cells (P24+) on 3, 5, and 7 days post infection in comparison to the non-infected (P24-) 

and control macrophages. No differences in the expression of PD-L1 were observed between the 

non-infected and uninfected macrophages (Fig. 4.15B). On mDCs, the expression of PD-L1 was 

also significantly upregulated upon HIV infection (P24+). No differences in the expression of PD-

L1 was observed between the non-infected and uninfected mDCs (Fig. 4.15C). 

The expression of CD270 was significantly higher in the infected monocytes (P24+) in comparison 

to non-infected (P24-) and control monocytes. No differences in the expression of CD270 was 

observed between the non-infected and control monocytes (Fig. 4.15D). On macrophages, the 

expression of CD270 was also significantly higher in infected cells (P24+) in comparison to the 

non-infected (P24-) and uninfected control monocytes (Fig. 4.15E). On mDCs, the expression of 

CD270 on infected cells (P24+) was again significantly higher in comparison to the non-infected 

(P24-) and control mDCs on 3, 5, and 7 days post infection (Fig. 4.15F).  

Taken together, human myeloid cells infected with HIV-1 enhance the expression of PD-L1 and 

CD270 on their cell surface. Highest expression of PD-L1 was observed during early points of 

infection, whereas peak CD270 expression levels varied between different myeloid 

subpopulations. From this data, it can be speculated that HIV infection of myeloid cells induces 
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an increased expression of inhibitory ligands in patients, which may help the virus to evade 

antiviral CTL responses. 

4.5 Combination treatment during acute FV infection with anti-PD-L1/anti-Tim-3 antibodies 

and depletion of regulatory T cells 

The combination of two or more therapeutic treatments to specifically target malignancies is a 

cornerstone of cancer therapy (190), but also for chronic virus infections like HIV, HBV and HCV 

(191, 192). The combined immunotherapy targeting Tregs and inhibitory receptors previously 

showed high efficacy in the treatment of chronic FV (193) and LCMV infections. The following 

idea was to investigate if similar treatment during acute FV infection may result in complete 

elimination of the virus and thus preventing the establishment of viral chronicity. For the current 

experiments the DEREG strain of mice on C57BL/6 background was used, since these animals 

express the diphtheria toxin (DT) receptor under the control of the Foxp3 promoter (194). Injection 

of DT resulted in the specific elimination of Tregs, which was combined with an injection of 

blocking antibodies against PD-L1 and Tim-3. Mice were treated with either treatment alone (Treg 

depletion or inhibitory receptor block with the two antibodies) or a combination of both treatments. 

The treatment was performed during the second week of FV infection (day 7 to 13) and the spleens 

were analyzed directly after treatment on day 14 after infection (Fig. 4.16A).  

CD8+ T cells contain granules with cytotoxic molecules, like the serine protease granzyme B 

(GzmB). Percentages of CD8+ GzmB+ T cells were significantly enhanced in mice receiving 

combination immunotherapy in comparison to any monotherapy (Fig. 4.16B). Moreover, we also 

analyzed whether immunotherapy induced cytotoxic CD4+ T cells. Previous studies reported that 

during acute FV infection virus-specific CD4+ T cells develop a Th1 or TfH-like phenotype with 

no signs of cytotoxic activity (195, 196). Accordingly, GzmB expression in CD4+ T cells was not 

detected in FV-infected mice or animals receiving either Treg or inhibitory receptor therapy, but 

approximately 10% of the CD4+ T cells from mice on combination therapy started to produce 

GzmB (Fig. 4.16C). The augmented cytotoxic T cell responses after combination treatment were 

expected to result in reduced viral loads in these mice. Indeed, it was associated with a dramatic 

reduction of FV loads (Fig. 4.16D) and in some mice of this group (about 25%) infectious virus 

was no longer detectable with an infectious center assay. This data suggests that combination 
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immunotherapy may be a promising approach for the treatment of acute virus infections, which 

may even prevent the establishment of viral chronicity. 

          

Figure 4.16. Effect of combination therapy on the production of GzmB in CD8+ and CD4+ 

T cells and on the replication of FV in acutely infected mice.  

DEREG mice were infected with FV and treated with DT and/or blocking antibodies against PD-

L1 and TIM-3 as indicated (A). Percentages of CD8+ T cells which produce the GzmB (B) and 

the percentages of CD4+ T cells producing the GzmB (C) were detected by flow cytometry. 

Spleens of FV-infected mice from the different treatment groups were analyzed for viral loads by 

infectious center assays one day after termination of treatment (D). Each dot represents an 

individual mouse. Data were pooled from 3 independent experiments with similar results. 

Statistically significant differences are indicated by asterisks (* < 0.05; ** < 0.005; *** < 0.0005; 

Non-parametric Mann-Whitney test). 
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4.6 Expansion of MDSCs after combination therapy 

Myeloid derived suppressor cells (MDSC) are a small population (less than 3%) of cells in the 

myeloid colony having similarities with myeloid progenitors and precursors. Along with Tregs 

and inhibitory checkpoint ligands/receptors, MDSCs also have a crucial role in regulating the 

adaptive immune response. Suppression of immune cells is the main feature of MDSCs and T cells 

are their main targets (104). After analyzing the expansion of GzmB producing CD8+ and CD4+ 

T cells after Treg depletion and/or inhibitory pathway blockage in acutely infected mice, the next 

aim was to analyze the effect of combination treatment on MDSCs. Reports suggest that expansion 

of MDSC (109) and Tregs (197) leads to the suppression of cytotoxic CD8+ T cells. FV infection 

expanded the numbers of granulocytic myeloid derived suppressor cells (gMDSC) and monocytic 

myeloid derived suppressor cells (mMDSC) in comparison to naïve animals. Treatment with a-

PD-L1/a-Tim-3 and DT alone had no significant impact on MDSC numbers. However, mice which 

underwent combined therapy with PD-L1/Tim-3 and depletion of Tregs presented with a 

significant expansion of granulocytic MDSC (gMDSC) (Fig. 4.17A) and monocytic MDSC 

(mMDSC) (Fig. 4.17B).  

                

 

Figure 4.17. Expansion of MDSCs subset after combination therapy  

DEREG mice were infected with FV and/or treated with a-PD-L1, a-Tim3 and DT. Multi-

parameter flow cytometry analysis was used to determine the numbers of granulocytic myeloid 

derived suppressor cells (gMDSCs) (A), and monocytic myeloid derived suppressor cells 

(mMDSCs) (B). MDSCs per one million nucleated cells in the spleens of the naïve, FV infected, 
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and treated mice. Data were pooled from three independent experiments with similar results. Each 

dot represents an individual mouse. Differences between FV-infected and treated were analyzed 

using one-way ANOVA was used with a Tukey post-test and are indicated in the figure (*p<0.05, 

**p<0.005, ***p<0.0005). 

The expression of inhibitory molecules on MDSCs is one possible mechanism of the suppression 

mediated by these cells. In the next step, the expression of PD-L2, CD270, MHC II, CD80, and 

CD86 (PD-L1 was not analyzed because it was blocked by antibody) on the surface of gMDSC 

and mMDSC was analyzed after combination therapy. A further aim was to analyze the role of 

inhibitory ligands on both subsets of gMDSC and mMDSC after treatment with a-PD-L1/a-Tim-3 

and depletion of Treg alone as well as in combination. There was no difference observed in the 

frequency of gMDSCs, which expressed PD-L2 on their surface between treated, FV-infected non-

treated and naïve mice (Fig. 4.18A). On mMDSC, a significant rise in frequencies of mMDSCs 

expressing PD-L2 was observed in infected mice, which increased further after combination 

treatment, but this was not significant (Fig. 4.18B). Treatment of FV infected mice with a-PD-

L1/a-Tim-3 or depletion of Tregs alone significantly reduced the numbers of mMDSCs expressing 

PD-L2 on their cell surface, whereas treatment with a-PD-L1/a-Tim3 or depletion of Tregs alone 

or in combination had no influence on the frequencies of gMDSCs expressing PD-L2.  

 

Figure 4.18 Numbers of MDSCs expressing PD-L2 on their cell surface after immune 

therapy  
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DEREG mice were infected with FV and/or treated with a-PD-L1, a-Tim3 and DT. Multi-

parameter flow cytometry analysis was used to determine the numbers of gMDSCs (A) and 

mMDSCs (B) expressing PD-L2 per one million nucleated cells in the spleens of naïve, FV 

infected, and treated mice. Data were pooled from three independent experiments with similar 

results. Each dot represents an individual mouse. Differences between FV-infected and treated 

were analyzed using one-way ANOVA was used with a Tukey post-test and are indicated in the 

figure (*p<0.05, **p<0.005, ***p<0.0005).  

Then, numbers of gMDSCs and mMDSC expressing CD270 per million spleen cells after 

treatment with a-PD-L1/a-Tim-3 and depletion of Tregs were analyzed. No difference in the 

numbers of gMDSCs expressing CD270 was observed between groups of naïve and infected 

animal, as well as in animals that underwent single treatment with a-PD-L1/a-Tim-3 antibodies. A 

significant increase in the numbers of gMDSCs expressing CD270 was observed after depletion 

of Tregs as well as after combined depletion of Tregs and PD-L1/Tim-3 in comparison to FV-

infected non-treated animals (Fig. 4.19A). FV infected non-treated animals showed a significant 

increase in mMDSCs expressing CD270 in comparison to the naïve animals, and no differences 

were observed after single treatment with a-PD-L1/a-Tim-3 antibodies or depletion of Tregs. 

However, combined treatment led to a significant increase in the numbers of mMDSCs expressing 

CD270 (Fig. 4.19B) in comparison to FV-infected non-treated animals. Combined immunotherapy 

directed on Tregs and regulatory molecules PD-L1 and Tim-3 enhanced the numbers of gMDSCs 

and mMDSCs expressing CD270 on their cell surface. 
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Figure 4.19 Numbers of MDSCs expressing CD270 on their cell surface after immune 

therapy 

DEREG mice were infected with FV and/or treated with a-PD-L1, a-Tim3 and DT. Multi-

parameter flow cytometry analysis was used to determine the numbers of gMDSCs (A) and 

mMDSCs (B) expressing CD270 per one million nucleated cells in the spleens of naïve, FV 

infected, and treated mice. Data were pooled from three independent experiments with similar 

results. Each dot represents an individual mouse. Differences between FV-infected and treated 

were analyzed using one-way ANOVA was used with a Tukey post-test and are indicated in the 

figure (*p<0.05, **p<0.005, ***p<0.0005). 

Studies indicated the upregulation of MHC II within solid tumors (198, 199). MHC II suppresses 

the functionality of effector T cells after binding to the Lag-3 inhibitory receptor (200, 201). No 

differences were observed in the numbers of gMDSCs expressing MHC II in naïve mice and FV-

infected non-treated mice as well as in the mice that underwent single treatment with a-PD-L1/a-

Tim-3 antibodies or depletion of Tregs. Mice, which underwent combination treatment with a-PD-

L1/a-Tim-3 and DT, had significantly higher numbers per million gMDSCs expressing MHC II 

than the FV-infected non-treated animals (Fig. 4.20A). A significant increase in numbers of 

mMDSC expressing MHC II were also observed in mice that were FV-infected non-treated in 

comparison to naïve mice, but no differences were observed in mice which underwent single 

treatment with depletion of Tregs, whereas a significant decrease in numbers of mMDSCs 

expressing MHC II was observed in mice treated with a-PD-L1/a-Tim3 antibodies in comparison 

to FV-infected non-treated mice. Mice that underwent combined treatment with a-PD-L1/a-Tim-

3 antibodies and depletion of Tregs had significantly higher numbers of mMDSCs expressing 

MHC II in comparison to naïve mice (Fig. 4.20B). 
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Figure 4.20 Numbers of MDSCs expressing MHC II on their cell surface after immune 

therapy 

DEREG mice were infected with FV and/or treated with a-PD-L1, a-Tim3 and DT. Multi-

parameter flow cytometry analysis was used to determine the numbers of gMDSCs (A) and 

mMDSCs (B) expressing MHC II per one million nucleated cells in the spleens of naïve, FV 

infected, and treated mice. Data were pooled from three independent experiments with similar 

results. Each dot represents an individual mouse.  Differences between FV-infected and treated 

were analyzed using one-way ANOVA was used with a Tukey post-test and are indicated in the 

figure (*p<0.05, **p<0.005, ***p<0.0005). 

Along with CD270, CD80 is also one of the functional molecule linked with the activation of 

MDSCs. CD80 is the inhibitory ligands of CTLA-4 and is located on the surface of myeloid cells. 

The numbers of gMDSCs expressing CD80 on naïve mice, FV-infected non-treated mice and mice 

which underwent single treatment with a-PD-L1/a-Tim-3 or depletion of Tregs did not show any 

differences. The mice that underwent combined treatment showed significant increase in the 

number of gMDSCs expressing CD80 in comparison to the FV-infected non-treated mice (Fig. 

4.21A).The pattern of mMDSC expressing CD80 were similar to gMDSCs, no differences were 

observed between naïve, FV-infected non-treated and mice which underwent single treatment with 

a-PD-L1/a-Tim-3 antibodies and depletion of Tregs. However, the mice which underwent 

combination treatment had significantly higher frequencies of mMDSC expressing CD80 in 

comparison to the FV-infected non-treated mice (Fig. 4.21B). Combined depletion of Tregs and 
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treatment PD-L1/Tim3 enhanced the frequency of MDSCs subsets expressing CD80 on the cell 

surface. 

 

Figure 4.21 Numbers of MDSCs expressing CD80 on their cell surface. 

DEREG mice were infected with FV and/or treated with a-PD-L1, a-Tim3 and DT. Multi-

parameter flow cytometry analysis was used to determine the numbers per million cells of 

gMDSCs (A) and mMDSCs (B) expressing CD80 per one million nucleated cells in the spleens of 

naïve, FV infected, and treated mice. Data were pooled from three independent experiments with 

similar results. Each dot represents an individual mouse.  Differences between FV-infected and 

treated were analyzed using one-way ANOVA was used with a Tukey post-test and are indicated 

in the figure (*p<0.05, **p<0.005, ***p<0.0005). 

CD86 similar to CD80 binds to CTLA-4 and negatively regulates the activation of T cells (202). 

No differences in the number of gMDSC expressing CD86 was observed between the naive, FV-

infected non-treated and treated animals (Fig. 4.22A). Similar pattern was seen in the numbers per 

million cells of mMDSCs expressing CD86 on their surface, however the mice which underwent 

combined treatment with a-PD-L1/a-Tim-3 antibodies and depletion of Tregs had significantly 

higher numbers of mMDSCs expressing CD86 in comparison to the naïve and treatment control 

mice (Fig. 4.22B). Combination treatment with a-PD-L1/a-Tim-3 and depletion of Tregs led to the 

enhanced mMDSCs which expressed CD86 on their cell surface.   
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Figure 4.22 Numbers of MDSCs expressing CD86 on their cell surface 

DEREG mice were infected with FV and/or treated with a-PD-L1, a-Tim3 and DT. Multi-

parameter flow cytometry analysis was used to determine the numbers of gMDSCs (A) and 

mMDSCs (B) expressing CD86 per one million nucleated cells in the spleens of naïve, FV 

infected, and treated mice. Data were pooled from three independent experiments with similar 

results. Each dot represents an individual mouse.  Differences between FV-infected non-treated 

and treated were analyzed using one-way ANOVA was used with a Tukey post-test and are 

indicated in the figure (*p<0.05, **p<0.005, ***p<0.0005). 

4.7 Combination treatment directed towards checkpoint ligand/receptors and gMDCS 

during acute FV infection  

MDCSs suppress the functionality of CD8+ T cells and interfere with the elimination of chronic 

FV infection (109). Thus, a therapy directed towards PD-L1/Tim3 together with targeting Ly6G 

for the elimination of gMDSCs is a possible strategy for the treatment of retroviral infection. We 

started treatment with a-PD-L1/a-Tim-3 and depletion of gMDSC at one week post FV infection 

(Fig. 4.23A). Mice underwent treatment with a-PD-L1/a-Tim-3 or with a-Ly6G antibodies 

individually or in combination during second week of infection. Treatment with a-Ly6G depleted 

98% of the gMDSCs (Fig. 4.23B). Spleens from different groups of mice were weighed and the 

numbers of infectious centers were calculated. FV infection led to an increase in spleen weights 

compared to naïve mice. The single treatment with a-Ly6G or a-PD-L1/a-Tim-3 significantly 

decreased spleen weights and also reduced the numbers of infectious spleen cells. The combination 
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therapy had no additional effect on spleen weights (Fig. 4.23C) and the numbers of infectious cells 

were similar to the animals, which received either monotherapy (Fig. 4.23D).  

            

 

Figure 4.23 Effect of combination therapy directed towards MDSCs and PD-L1/Tim3 on FV 

replication 

Mice were infected with FV and treated with a-PD-L1/a-Tim3 and a-Ly6G alone or in 

combination. Spleen weight and numbers of infectious cells in the spleen were determined after 

14 days of infection. (A) Experimental design of FV infection and treatment with α-PD-L1/α-Tim-
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3 and α-Ly6G antibodies.  (B) Representative dot plots of MDSC after treatment with α-PD-L1/α-

Tim-3 and α-Ly6G antibodies, (C) the spleen weights, (D) infectious centers per spleen are 

presented. Differences between FV-infected non-treated and treated mice were analyzed using 

one-way ANOVA was used with a Tukey post-test and are indicated in the figure (*p<0.05, 

**p<0.005, ***p<0.0005). 

gMDSCs suppress the functionality of cytotoxic CD8+ T cells during FV infection (109). Thus, a 

combination therapy targeting gMDSCs and inhibiting receptors may promote the expansion of 

virus-specific effector CD8+ T cells. In order to test this, the CD8+ T cell population was analyzed 

after treatment with a-PD-L1/a-Tim-3 and depletion of gMDSC. FV infection leads to virus 

induced activation of cytotoxic CD8+ T cells, which can be detected at one week post infection 

(Fig. 4.24A) and results in decline of viral loads (Fig. 4.23B). Treatment with a-PD-L1/a-Tim-3 

enhanced the immune response by expanding virus specific effector CD8+ T cells and also 

enhanced the production of cytotoxic molecules by these cells. Treatment with a-Ly6G showed no 

additional effect on effector CD43+CD8+ or virus specific tetramer+ CD8+ T cells. (Treatment 

with a-PD-L1/a-Tim-3 enhanced the expansion of effector CD43+CD8+ (Fig. 4.24A) and virus-

specific tetramer+ CD8+ T cells (Fig. 4.24B). Treatment with a-PD-L1/a-Tim-3 antibodies 

enhanced the frequencies of CD43+CD8+ effector cells producing GzmA (Fig. 4.24C) and GzmB 

(Fig. 4.24D).  
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Figure 4.24 Numbers of CD8+ T cells expressing cytotoxic molecules during acute FV 

infection after combination therapy  

C57/BL6 mice were infected FV and/or treated with a-PD-L1, a-Tim3 and a-Ly6G. Effector 

CD43+CD8+ T cells and virus specific tetramer+ CD8+ T cells were detected by flow cytometry 

and viral loads in spleen were estimated after 14 days of infection. The frequencies of 

CD8+CD43+ effector T cells (A), the frequencies of virus specific Tetramer+CD8+ T cells (B), 

and frequencies of CD8+CD43+ T cells  producing GzmA (C) and GzmB (D) were calculated per 

one million nucleated cells in the spleen. Differences between FV-infected mice without treatment 

and treated animals were analyzed using one-way ANOVA with a Tukey post-test and are 

indicated in the figure (*p<0.05, **p<0.005, ***p<0.0005). 

4.8 Proliferation of effector CD8+ T cells after combination treatment during FV infection 

The activation of effector CD8+ T cells due to an infection leads to enhanced proliferation of these 

cells. In order to define the proliferation of CD8+ T cells the intracellular expression of Ki67 was 

analyzed. Ki67 is a nuclear protein and a marker for cell proliferation (203). Mice depleted of 
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gMDSC showed enhanced proliferation of effector CD43+CD8+ T cells in comparison to FV-

infected non-treated mice. Treatment with a-PD-L1/a-Tim-3 antibodies significantly enhanced 

proliferation of CD8+CD43+ effector T cells in comparison to the FV-infected non-treated mice. 

Surprisingly the mice that underwent combination treatment had similar frequencies of 

proliferating Ki67+ CD43+ CD8+ T cells as FV-infected non-treated mice (Fig. 4.25).  

                                             

Figure 4.25 Proliferation of effector CD8+ T cells after treatment during acute FV infection 

C57/BL6 mice were infected with FV and treated with a-Ly6G, anti-PD-L1/a-Tim-3. The numbers 

of the CD8+ T cells expressing Ki67 per one million nucleated spleen cells were determined at day 

14 after FV infection using flow cytometry. A three independent experiments were performed. 

Differences between FV-infected non-treated and treated were analyzed using one-way ANOVA 

was used with a Tukey post-test and are indicated in the figure (*p<0.05, **p<0.005, 

***p<0.0005). 

IL-2, IFN-γ and TNF-α are inflammatory cytokines produced by activated CD8+ T cells. The 

effector CD43+CD8+ T cell population producing antiviral cytokines was analyzed after treatment 

with a-PD-L1/a-Tim-3 and/or depletion of gMDSC during FV infection. FV infection led to the 

induction of CD43+CD8+ effector cells producing inflammatory cytokines (Fig. 4.26A, B, and 

C). Enhanced numbers of effector CD43+CD8+ T cells produced IFN-γ in the absence of gMDSCs 

(Fig. 4.26A), but depletion of gMDSC showed no effects on the production of IL-2 (Fig. 4.26B) 

or TNF-α (Fig. 4.26C). Treatment with a-PD-L1/a-Tim-3 significantly increased the numbers of 

CD43+CD8+ T cells producing IFN-g (4984 cells/106) and TNF-α (28396 cells/106) in comparison 
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to FV-infected non-treated mice. However, no significant differences were observed for IL-2 

producing cells (Fig. 4.26B) on FV-infected non-treated mice in comparison to naïve mice. No 

difference in the frequencies of effector CD8+ T cells producing IL-2 were detected between FV-

infected non-treated mice and the mice which underwent individual and combined treatment with 

a-Ly6G, a-PD-L1/a-Tim-3. Thus, the combination therapy directed towards gMDSCs and PD-

L1/Tim3 had no enhancing effects on the production of inflammatory cytokines in comparison to 

the treatment with a-PD-L1/a-Tim-3 treatment alone. 

 

Figure 4.26 Production of cytokines by CD43+CD8+ effector T cells after combination 

treatment directed towards a-PD-L1/a-Tim-3 and a-Ly6G 

C57/BL6 mice were infected with FV and treated with a-PD-L1/a-Tim3 and a-Ly6G. 

Proinflammatory cytokines produced by CD43+CD8+ effector T cells in spleen were measured 

using flow cytometry at day 14 after infection. Number of CD8+CD43+ effector T cells per one 

million nucleated spleen cells producing IFN-γ (A), IL-2 (B), and TNF-α (C) are displayed. Data 

were pooled from three independent experiments. Differences between FV-infected non-treated 

and treated mice were analyzed using one-way ANOVA was used with a Tukey post-test and are 

indicated in the figure (*p<0.05, **p<0.005, ***p<0.0005). 

4.9 Expansion of regulatory T cells after treatment with anti-PD-L1/anti-Tim-3 and anti-

Ly6G antibodies 

In previous experiments it was observed that the depletion of Tregs leads to a strong expansion of 

MDSCs, which was potentiated by additional treatment directed against inhibitory checkpoint 

molecules. In order to investigate if depletion of gMDSCs leads to the expansion of Tregs, we 

analyzed FV infected mice after the combination treatment with a-PD-L1/a-Tim-3 and anti-Ly6G 
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antibodies at day 14 after infection. FV infection significantly enhanced the percentage of CD4+ 

T cells expressing FoxP3 in infected spleens in comparison to spleens of naïve mice. Depletion of 

gMDSC significantly reduced the percentage of CD4+ T cells expressing FoxP3 in comparison to 

FV-infected non-treated mice. Treatment with a-PD-L1/a-Tim-3 also resulted in a significant 

reduction in the percentage of Tregs in comparison to FV-infected non-treated. Combined 

treatment with a-PD-L1/a-Tim-3 and depletion of gMDSC led to a significant decrease in the 

percentage (Fig. 4.27) of CD4+ T cells expressing FoxP3 in comparison to non-treated FV infected 

mice.  

CD39 and CD73 are ectonucleatidases enzymes (204), which are crucial for the 

immunosuppressive activity of Tregs (167) and FV infection significantly enhanced the percentage 

of CD4+FoxP3+ Tregs expressing CD39 and CD73 in comparison to the naive mice. Depletion of 

gMDSC and treatment with -PD-L1/a-Tim-3 did not have any effect on the expression of CD39 

(Fig. 4.28A) or CD73 (Fig. 4.28B) on the surface of CD4+FoxP3+ Tregs. The combination 

treatment had also no effect on the percentage of Tregs that expressed CD39 or CD73.  

TNFR2 is one receptor for TNFα (205). TNFR2 induces nuclear factor kappa B (NF-kB) and leads 

to the activation of Tregs and proliferation of these cells after binding to TNFα (206). FV infection 

enhanced the expression of TNFR2 on CD4+Foxp3+ Tregs in comparison to naïve animals (Fig. 

4.28C), but depletion of gMDSCs or treatment with a-PD-L1/a-Tim-3 significantly decreased the 

percentage of CD4+FoxP3+ Tregs expressing TNFR2. The combination of a-PD-L1/a-Tim-3 

treatment with depletion of gMDSCs was also associated with a reduced frequency of 

CD4+FoxP3+ Tregs expressing TNFR2 in comparison to FV-infected non-treated mice (Fig. 

4.28C).  

Vβ5+ Tregs are specific for the mouse endogenous retrovirus superantigen (MMTV Sag) and 

become activated and proliferate in response to FV infection (207). FV infection induced a 

significant increase in the percentage of CD4+FoxP3+ Tregs expressing Vβ5 in comparison to 

naïve mice. In mice treated with a-Ly6G the expansion of CD4+FoxP3+Vβ5+ Tregs was not 

augmented. In contrast, treatment with a-PD-L1/a-Tim-3 significantly increased the percentage of 

CD4+FoxP3+ that expressed Vβ5 in comparison to FV infected non-treated mice. Combined 

treatment with a-PD-L1/a-Tim-3 and depletion of gMDSC did not show any difference in 

comparison to the FV infected mice (Fig 4.28D). Thus, the combination therapy during acute 

retroviral infection directed against gMDSCs and PD-L1/Tim3 checkpoint molecules was 
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associated with reduced expansion of Tregs. This is an interesting feature, which may be applied 

for the development of immunomodulation protocols for the therapy of viral infections and 

malignancies.  

                                

 

Figure 4.27 Regulatory T cell responses after combination treatment in FV infected mice 

C57/BL6 mice were infected with FV and/or treated with a-PD-L1, a-Tim3 and a-Ly6G. 

Multicolor flow cytometry was used for detection regulatory CD4+ Foxp3+ T cells at day 14 after 

FV infection. The percentage of CD4+ T cells expressing FoxP3+is presented. Differences 

between naïve, FV-infected non-treated and treated were analyzed using one-way ANOVA with a 

Tukey post-test and are indicated in the figure (*p<0.05, **p<0.005, ***p<0.0005). 
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Figure 4.28 Phenotypes of Tregs cells   

C57/BL6 mice were infected with FV and/or treated with a-PD-L1/a-Tim3 and a-Ly6G. Multicolor 

flow cytometry was used for detection and phenotypic characterization of regulatory CD4+ 

Foxp3+ T cells at day 14 after FV infection. Percentage of CD4+FoxP3+ expressing CD39+ (A), 

+CD73+ (B), TNFR II+ (C), and  Vβ5+ (D) on their cell surface are presented. Data were pooled 

from three identical experiments. Differences between naïve, FV infected non-treated and treated 

animals were analyzed using one-way ANOVA was used with a Tukey post-test and are indicated 

in the figure (*p<0.05, **p<0.005, ***p<0.0005).
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5. Discussion 

Expression of inhibitory ligands on infected myeloid cells during acute retrovirus infection 

Myeloid cells are vital part of the innate immune system, as they initiate and regulate the adaptive 

immune response against viral infections. However, different viruses misuse the myeloid cells as 

targets cells, which increase viral replication and viral dissemination in the body. Moreover, some 

subpopulations of myeloid cells promote the enhanced replication of viruses and are important part 

of viral pathogenesis. For example the infection of CD169 positive macrophages was associated 

with enforced viral replication vesicular stomatitis virus (VSV) (208) and LCMV (209) . During 

HIV infection, myeloid cells play an important role in the  viral pathogenesis by enabling viral 

spread during early infection and as the reservoir of virus during chronic phase of infection 

(reviewed in (210)). Immature mucosal dendritic cells encounter HIV (211-213), migrate to LNs 

and transmit virus to CD4+ T cells (98, 214, 215). During chronic HIV infection follicular DCs 

(216-218) and tissue macrophages are an important reservoir for viral persistence (219-221). 

Understanding the interactions between infected myeloid cells and antiviral effector cells might 

be very important for the development of a cure of retroviral infections. The infection of mice with 

FV is a unique model for the characterization of antiviral innate and adaptive immunity. Earlier 

studies with FV have shown that erythroid precursor cells (erythroblast) are the main targets for 

FV during acute infection. However, myeloid cells are part of the viral reservoir during acute and 

chronic virus infection (4, 175). Adaptive CD8+ T cells are able to efficiently eliminate infected 

erythroblasts, however myeloid cells escape from killing by expressing PD-L1 and persist during 

the late phase of infection (175). The current study analyzed the kinetics of FV infection in 

different myeloid subpopulations and showed that granulocytes and monocytes were the main 

targets for the virus (Fig. 4.3 A-D). A small part of the macrophages and mDCs were also infected 

with FV (Fig. 4.3 E-H). FV infection led to a significant decrease of all myeloid subpopulations at 

day 10 and 12 post infection (Fig. 4.2). Interestingly, reduced granulocyte counts were also 

observed in 50 % of HIV-1 infected patients and was associated with advanced disease progression 

including lower CD4+ T cells count and higher HIV-1 RNA levels (79, 222). Decline of neutrophil 

counts and function has severe impact on HIV-1 infection (223, 224). The expanded cytotoxic 

CD8+ T cells mediated the elimination of FV infected cells during acute phase of infection (225). 

Thus, the population of virus-specific CD8+ T cells participated in the significant reduction of 
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myeloid subpopulations on day 10 and 12 in FV infected spleens (Fig. 4.2). Why the part of 

infected myeloid cells escape the CD8+ T cell mediated killing and stay the reservoir for viral 

replication during chronic infection? The answer to this question could provide new ideas for the 

development of future therapies for acute and chronic retroviral infection.   

Inhibitory receptors expressed on the cell surface of virus-specific CD8+ T cells regulates the 

effector functions of these cells during acute and chronic viral infections (137, 226, 227). 

Expectedly the expression of inhibitory ligands for these receptors on the infected target cells may 

protect these cells for the elimination mediated by virus-specific CD8+ T cells. PD-L1 and PD-L2 

are the ligands of the most powerful inhibitory receptor PD-1 (228-230). The importance of PD-

1/PD-L1 interactions for the regulation of the acute antiviral CD8+ T cell response was 

demonstrated in the FV model (136, 231). 

The accumulation of infected B cells and infected Gr-1+ myeloid cells expressed high level of PD-

L1 which was associated with the development of dysfunctional effector cells. In this way myeloid 

cells become the reservoir for persistent viral replication (175). In order to extend our knowledge 

about the possible role of inhibitory ligands expressed on individual subpopulations of myeloid 

cells,  we characterized the expression of different inhibitory ligands on subpopulations of infected 

and non-infected myeloid cells during acute FV infection in vivo (Fig. 4.4 - 4.10) and HIV infection 

in vitro (Fig.4.15). The expression of inhibitory ligands on infected and non-infected cells was 

compared with one another and with a reference to myeloid subpopulation isolated from naïve 

mice. Subsequently, virus specific CD8+ T cells were also characterized for the expression of 

different inhibitory receptors. FV infected granulocytes, monocytes, macrophages and mDCs 

enhanced the expression of PD-L1 in comparison to non-infected subpopulations of myeloid cells 

and corresponding myeloid cells from naïve mice (Fig. 4.4 A-D). In granulocytes the enhancement 

of PD-L1 expression was observed on day 10 after infection and also at later time point. On 

remaining populations of infected myeloid cells the enhanced expression of PD-L1 was observed 

from day 6 onwards after infection. In previous studies it was shown that the enhanced expression 

of PD-L1 on infected cells was upregulated directly by virus during early infection. Thus, infected 

monocytes, macrophages and mDCs enhanced the expression of PD-L1 after FV infection. 

Interestingly, all in vitro HIV infected monocytes, macrophages and mDCs enhanced the 

expression of PD-L1 (Fig. 4.15 A-C). Thus, we observed the direct effect of retroviral infection of 
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myeloid cells on the expression of PD-L1. Similar to our results enhanced expression of PD-L1 

was also observed on monocytes and DCs during HIV infection (232) and treatment with ART 

was associated with decreased expression of PD-L1 on monocytes (233) and mDCs (234). 

Increased expression of PD-L1 was also observed on monocytes from HIV-infected patients, and 

was regulated by type I IFN (235). HIV in vitro data showed that incubation of macrophages with 

the virus upregulated the expression of PD-L1 and PD-L2 (236). The upregulation of PD-L1 and 

PD-L2 on mDCs and macrophages was regulated by the HIV accessory protein nef (237), whereas 

other group showed that the upregulation of PD-L1 on mDCs during chronic HIV infection was 

induced by HIV-1 tat protein (238) (239). Thus, the infection of myeloid cells with retroviruses 

enhances PD-L1 expression. In our study of FV infected granulocytes and monocytes, it was 

observed that the second stage of PD-L1 expression was associated with functionality of effector 

CD8+ T cells. We also characterized the expression of the second ligand for the PD-1 receptor 

PD-L2. This molecule is mainly expressed on antigen presenting cells and can be enhanced on 

various myeloid cells by different inflammatory factors (178). FV infected macrophages and 

mDCs enhanced the expression of PD-L2 in comparison to non-infected cells from infected mice 

and cells from naïve mice (Fig. 4.5). The level of PD-L2 expression on all characterized infected 

myeloid subpopulation was significantly upraised from day 10 after infection. Thus, the effect of 

cytotoxic CD8+ T cells may also be responsible for the upregulation of PD-L2 on populations of 

infected cells. The expression pattern of PD-L2 and PD-L1 was similar on infected granulocytes 

and mDCs but different on monocytes and macrophages. Our data matched the already existing 

data on PD-L2 expression on myeloid cells. Increased expression of PD-L2 was observed on DCs 

and macrophages on exposure to IL-10, IL-4, IFN-γ and TLR ligands (236, 240, 241). The 

upregulation of PD-L2 on different cell populations was previously observed after infection with 

RSV (242), papilloma virus (243), avian oncovirus Marek's disease virus (244) and hantavirus 

(245). However, the data about the effects of PD-L2 on T cell response remains controversial. 

Some studies show that the enhancement of PD-L2 was due to the activation of CD8+ T cells (246, 

247). PD-L2 acts as an adjusting molecule that can enhance CTL and Th1 responses (248). Other 

studies show the opposite effects. The enhanced expression of PD-L2 in human esophageal cancer 

and hepatocellular carcinoma (HCC) was associated with impaired disease free survival and poor 

prognosis (249-251). The simultaneous analysis of the expression of inhibitory ligands PD-L1 and 

PD-L2 on infected myeloid cells and the expansion of CD8+ T cells which expressed PD-1 could 
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provide us with additional evidence about the interaction of effector T cells and target infected 

cells during viral infection. The accumulation of infected myeloid cells with high expression of 

PD-L1 and PD-L2 have strong effect for the development on the dysfunction of CD8+ T cells 

during late phase of retroviral infection. The effects of the PD-1 signaling on virus-specific CD8+ 

T cell during acute FV infection was recently characterized in detail by utilizing mice which were 

deficient of PD-1 or of PD-L1 molecules (231). PD-1 or PD-L1 knockout mice showed increased 

functionality of virus-specific CD8+ T cells in comparison to wild type animals. The enhanced 

CD8+ T cell responses were associated with better control of virus replication. The enhanced 

proliferation and diminished apoptosis of effector CD8+ T cells was observed in PD-1or PD-L1 

knockout animals (231). The PD-1 signaling also regulated the production of different Gzm’s in 

the CD8+ T cells and thus determined its cytotoxicity. Thus, the negative signals, which effector 

CD8+PD-1+ T cells receive after repeated interactions with myeloid cells expressing high level of 

PD-L1 and PD-L2, contribute to the dysfunction and death of effector cells.  

Similar to PD-1 receptor, there are numbers of other checkpoint receptors which are expressed on 

activated effector lymphocytes and exert inhibitory effects. For example CD272 and CD160 are 

the inhibitory receptors of CD270 ligand (185). Engagement of CD270 to LIGHT and LTα 

provides co-stimulatory signaling to effector cells (179, 185, 252). Most of the data about the 

functional effect of CD270 and its receptors are obtained from different tumor models. The role of 

this regulatory pathways during viral infections is not completely understood. Enhanced 

expression of CD270 was observed on colorectal cancer (CRC) cells and is a biomarker of poor 

prognosis for disease progression. The expression of CD270 acts as a biomarker, which is 

inversely correlated with numbers of tumor infiltrating T cells (253). The increase of the CD270 

expression was observed in melanoma and was related with poor overall survival (254). It was 

reported that binding of CD272 to CD270 led to the reduction in T cell activation and proliferation 

(255). CD270 expressed on tumor cells during chronic lymphocytic leukemia (CLL) in 

cooperation with other inhibitory ligands dysregulated the polarization of effector T cells (256). In 

this way it impairs the formation of cytotoxic synapses between CTLs and tumor, and malignant 

cells escaped the elimination. Increased expression of CD160 on CD8+ T cells associated with 

reduced proliferation and perforin production which finally results in functional impairment of 

CD8+ T cells (257). The simultaneous analysis of inhibitory ligand CD270 on FV infected 

subpopulations of myeloid cells and the expression of inhibitory receptors on effector CD8+ T 
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cells contribute to our understandings of this regulatory mechanisms during adaptive immune 

response against retroviral pathogen. The enhanced expression of CD270 on infected macrophages 

and mDCs was observed at every characterized time point of infection (Fig. 4.6 C, D). FV infected 

granulocytes and monocytes enhanced the expression of CD270 at day 10 and 12 after infection 

(Fig. 4.6 A, B). The part of expanded virus-specific CD8+ T cells expressed inhibitory receptors 

CD160 (Fig. 4.11C) and CD272 (Fig. 4.11B). The pattern of the expression kinetics of inhibitory 

ligand CD270 on infected myeloid subpopulation was very similar to the expression kinetics of 

PD-L1. Moreover, the expression of inhibitory receptors on virus-specific CD8+ T cells provide 

the assumption that CD270 have the similar effects on elimination of infected cells and on the 

development of T cell dysfunction like PD-L1. However the interaction of CD270 with their 

inhibitory receptors has different effect in different infection models. Upregulation of CD160 on 

exhausted antigen specific CD8+ T cells was observed during chronic LCMV infection (142, 258). 

CD8+ T cells upregulate CD160 on cell surface during HIV infection (259). The co-expression of 

PD-1 and CD160 on population of HIV-specific CD8+ T cells was associated with advanced 

effector dysfunctionality of T cells (260). However, elite controllers had significantly higher 

frequencies of CD8+PD1-CD160+ T cells in comparison to naïve and HAART treated HIV 

patients (155). Interestingly, CD8+ T cell response against malaria was associated with the 

expression of CD160 and CD272 and lead to dysfunction of cytotoxic CD8+ T cells (254, 261). 

The deficiency of CD270 or CD272 during vaccinia virus infection impaired the CD8+ T cell 

response against pathogen and reduced the differentiation of memory cells (262). Thus, the 

contradictory data obtained from these infection models indicates that it was necessary to perform 

additional experiments to clarify the functional role of these molecules during immune response 

against retroviruses.   

In order to determine which effects induced the interaction of CD270 with its inhibitory receptors 

expressed on effector CD8+ T cells, the binding of CD270 with its inhibitory receptors were 

prevented by treatment with two antibodies. The treatment with both antibodies, which block the 

interactions between CD270 and its inhibitory receptors, was performed individually and in 

combination was performed during acute FV infection. Treatment with antibodies which prevented 

the interaction of CD270 with CD272 or CD160 reduced the viral loads in treated mice in 

comparison to non-treated animals (Fig. 4.12F). This effect was potentiated by the application of 

both antibodies in combination. The expansion of virus-induced effector CD8+ T cells and virus-
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specific CD8+ T cells was not changed after treatment with antibodies. However, the combination 

of both antibodies led to tendency of the enhanced production of GzmB in population of effector 

CD8+ T cells. It could be possible that other cells were involved in elimination of FV during the 

antibody treatment directed on CD270. In the future, in treatment experiments directed on CD270 

will be necessary to characterize the expansion of effector CD4+ T cells and on NK cells. 

Previously it was shown that interaction of CD270 to its inhibitory receptors CD160 and CD272 

results in the inhibition of T cells and NK cells functions (179). Some studies analyzed the effects 

of individual blocking of interactions CD270 with its inhibitory receptors expressed on T cells. 

Blocking the interaction between CD160 and CD270 restored the proliferative capacity of human 

CD8+ T cells in vitro (257). Moreover, blocking the interaction between CD270 and CD160 

rescued CMV and HIV-specific CD8+ T cell proliferation and cytokine production (260). 

Blockade of CD272 interaction with CD270 promoted survival and memory generation of CD8+ 

T cells (263). Subpopulations of infected myeloid cells enhanced the expression CD270 (Fig. 4.6), 

and simultaneously the effector CD8+ T cells expressed both inhibitory receptors for CD270 (Fig. 

4.12 B & C). Both the inhibitory receptors of CD270 are associated with inhibition of T cells. 

CD272 has been described to inhibit T cell responses (255), whereas CD160 is associated with 

impairment of CD8+ T cell function and is independent of PD-1 expression (257). Thus, blocking 

the interactions between ligand CD270 and its both inhibitory receptors CD272 and CD160 could 

possibly be a new strategy for immunotherapy against viral infections and cancers. Moreover, our 

study provides new insights on the role of this regulation during acute immune response against 

retroviruses.  

CD200 is the ligand for inhibitory CD200R receptor. In our study we performed detailed 

characterization of CD200 expression on myeloid cells and subsequently its receptor on virus-

specific CD8+ T cells. One third of expanded virus-specific CD8+ T cells express CD200R at day 

8 after infection. Later the numbers of cells expressed CD200R were declined (Fig. 4.11E). FV 

infection enhanced the expression of CD200 on infected granulocytes during acute phase of 

infection. At same time the expressions of CD200 on non-infected granulocytes remain 

unchanged. From all remaining myeloid subpopulation the enhanced expression of CD200 was 

observed only on mDCs at day 6 and day 8 after infection (Fig. 4.9A). Previous study showed the 

CD200 expression on endothelial cells, neurons and lymphocytes (264-266). Some studies have 

indicated the inhibitory role of CD200/CD200R interactions during T cell exhaustion (267). Our 



5 - Discussion 
 

106 
 

data suggest that this pathway may also be involved in the regulation of virus-specific CD8+ T 

cells during early acute response against retroviruses. Previously the increased expression of 

CD200 was observed in mouse EMT6 breast cancer cells and was associated with increase in 

tumor growth and metastasis. The inhibition of CD200 reduced tumor growth (268). The 

expression of CD200R was observed on myeloid cells, B and T lymphocytes (266). The interaction 

between CD200 and CD200R regulates the lung inflammation during influenza infection (267). 

Further study with a focus on the role of CD200-CD200R interaction during acute and chronic 

infection may boost our understanding about immune regulation of adaptive T cell response and 

could provide insights in designing immunomodulatory therapies.  

The different inhibitory checkpoint receptors are simultaneously expressed on surface of cytotoxic 

effector cells. Assumingly, the signals from these receptors may regulate the functionality of these 

potentially dangerous cells during immune response in infected organs. The detailed analysis of 

the expression of inhibitory receptors on virus-specific CD8+ T cells can provide a hint about the 

potential contribution of these molecules in the regulation the functionality of CD8+ T cells. Lag3 

is the checkpoint receptor which recognizes the MHC II molecules and provide the inhibitory 

signals to CD8+ T cells. PD-1high CD8+ T cells also express Lag3 and other inhibitory receptors 

(136). In our study, we observed that about forty percent of virus-specific CD8+ T cells expressed 

Lag3 during acute FV infection (Fig. 4.11G). The increase of Lag3 expression is associated with 

inhibition of memory T cells development during acute LCMV infection (269). During chronic 

LCMV infection Lag3 expression is correlated with the disease severity. This receptor was co-

expressed with PD-1 on exhausted and dysfunctional CD8+ T cells (270). Blockage of Lag3 in 

combination with PD-L1 resulted in improved CD8+ T cell response and reduction in viral load 

(271). Thus, the inhibitory effects from Lag3 receptor provided additional downregulation of 

effector CD8+ T cells during acute response against retroviral infection. Further studies focusing 

on the regulatory effects mediated by Lag3 may add up to the preexisting knowledge and also in 

development of immunomodulatory therapies. 

2B4 (CD244) is a member of the signaling lymphocyte activation molecule (SLAM) family and 

binds to CD48 expressed on the APCs (149, 272). In our study increased expression of CD48 was 

observed on FV-infected granulocytes (6, 8, 10 dpi), monocytes (6, and 12 dpi), macrophages (6, 

8, and 10 dpi) and mDCs (10 dpi) (Fig. 4.10). More than fifty percent of virus-specific CD8+ T 
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cells expressed the 2B4 receptor (Fig. 4.11D). This data provides with the evidence that the 

regulation mediated by interaction of CD48 with 2B4 has an impact on the functionality of virus-

specific D8+ T cells. Increased expression of 2B4 was observed on CD8+ T cells during 

progression of AIDS (273). Moreover, the co-expression of PD-1, CD160 and 2B4 was observed 

on exhausted HCV-specific CD8+ T cells (274). However during chronic HIV infection 

simultaneous expression of 2B4 and CD160 is the phenotypic feature of virus-specific cytotoxic 

CD8+ T cells. These CD8+ T cells were responsible for the control of HIV infection (275). During 

LCMV infection blocking the interaction of 2B4 with CD48 led to increased IFN-g production by 

exhausted CD8+ T cells (142). 2B4 and CD48 are the possible interesting targets for the 

immunmodulation of the adaptive immune response against pathogens and tumors.  

Tim-3 is the receptor of Galectin-9 (Gal-9), carcinoembryonic antigen cell adhesion molecule 1 

(Caecam-1), high mobility group protein B1 (HMGB1), and phosphatidylserine (PtdSer) (147). 

About forty percent of FV-specific CD8+ T cells expressed Tim-3 at day 10 and 12 days post 

infection (dpi) (Fig. 4.11E). Increased percentage of CD8+ T cells expressing Tim-3 is a 

characteristic feature of exhausted T cells during chronic virus infection. Interestingly, treatment 

of FV infected mice with anti-Tim-3 antibodies enhanced the viral replication (136), however the 

combination of anti-Tim-3 antibodies with anti-PD-L1 treatment led to improved virus-

elimination. Similarly, combination treatment used during preclinical tumor models of solid 

tumors and hematologic cancer which involved antibodies against Tim-3 improved the anti-tumor 

CD8+ T cell response and led to the reduction in tumor growth (276, 277). During immune 

response against solid tumor CT26 colon carcinoma, the expression of Tim-3 and PD-1 was 

associated with exhaustion of CD8+ T cells (276). The combination treatment of patients with 

advanced metastatic melanoma (278), non-small cell lung cancer (NSCLC) (279), or follicular B 

cell non-Hodgkin lymphoma (FL) (147) with antibodies against PD-1 and Tim-3 improved anti-

tumor CD8+ T cells and enhanced the elimination of tumors.   

CD80 and CD86 binds to the receptors CD28 and CTLA-4, which further delivers activating 

(CD28) or suppressing (CTLA-4) signals to the T cells (280, 281). In the current study, increased 

expression of CD80 (Fig. 4.7 A-D) and CD86 (Fig. 4.8 A-D) was observed on infected 

granulocytes, monocytes, macrophages and mDCs during acute FV infection. Similar results were 

also observed during HIV-1 infection, where increased expression of CD80 and CD86 was 
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observed on monocytes and CCR5+ T cells (235). The expression of CD80 and CD86 on T cell 

and dendritic cells in patients with nasopharyngeal carcinoma highlights to be a marker of better 

prognosis (282). CD80 and CD86 play crucial role in activating TCR signaling as well as in 

suppressing TCR signaling. More focused study may provide a broad array of information which 

may prove vital for the development of anti-viral and anti-tumor therapies.  

Myeloid cells have the enormous potential for the regulation of adaptive immunity. The 

phenotypic characterization of infected myeloid cells as targets for virus-specific CD8+ T cells 

lead to the following conclusion. Infected myeloid cells enhance the expression of different 

inhibitory ligands. Simultaneously, virus-specific CD8+ cells express the corresponding 

checkpoint receptors and can be suppressed by infected myeloid cells. This pathway contributes 

towards the immune escape of virus and for the establishment of the chronicity. On the other hand 

the immunomodulatory treatments directed on these checkpoint molecules may contribute to 

future therapies of chronic viral infections.  

Combination therapy directed on checkpoint ligands/receptors, Tregs, and MDSCs 

Acute virus infection leads to strong activation of immune system and several inhibitory 

mechanisms are required to counteract this response in infected organs. Tregs, inhibitory receptors 

and MDSCs are the most powerful controllers of the activation and function of T cells in infectious 

diseases (109, 227, 283). All these inhibitory mechanisms work independently of each other and 

suppress the differentiation and expansion of cytotoxic CD8+ T cells. The combined depletion or 

inhibition of Tregs together with the blockage of inhibitory ligands or receptors enhanced the 

antiviral T cell responses during chronic FV infection and was proposed as a treatment for chronic 

virus infections and malignancies (193, 284). Furthermore, treatment with anti-PD-1 and anti-

CTLA-4 antibodies has been approved for treatment of patients with melanoma which resulted in 

the activation of T cells, and also increased the numbers of effector CD8+ T cells in the biopsies 

of responders to this treatment in comparison to the non-responders (285). The expansion of 

effector cells after this combination treatment resulted in tumor relapse in melanoma patients 

(286). The combination therapy directed on CTLA-4 and PD-1 checkpoint receptors of cancer 

patients has a very similar biological effect to the combination therapy which we performed during 

acute FV infection in current study (Fig. 4.16 A). It was shown that the anti-CTLA-4 antibodies, 

currently used for the treatment of melanoma and lung cancer patients, significantly reduces the 
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number of Tregs (287, 288), and this could act as a mechanism activating the anti-tumor immune 

response. In the current study, mice were treated with anti-PD-L1/anti-Tim3 antibodies and Tregs 

were depleted during acute phase of infection. The main aim of this therapy was to eliminate the 

virus before chronicity of FV was established. Combined treatment with anti-PD-L1/anti-Tim3 

antibodies and depletion of regulatory T cells induced the expansion of effector CD8+ and CD4+ 

T cells producing GzmB. These cells efficiently controlled the virus, in fact in some mice the viral 

load was non-detectible. However, elimination of Tregs and blockage of checkpoint receptors led 

to enormous expansion of gMDSCs and mMDSCs. We suppose that this expansion of MDSCs 

tends to compensate the absence of eliminated inhibitory effects of checkpoint receptors and Tregs. 

The expanded MDSC expressed of PD-L2, CD270, MHC II, CD80 molecules. Thus, these cells 

were able to suppress the effector CD8+ T cells which express inhibitory receptors. Thus, the 

expanded populations of MDSCs may reduce the therapeutic effect arrived after the combination 

therapy. The depletion of expanded MDSCs may improve the antiviral activity of CD8 and CD4+ 

T cells. On the other hand the simultaneous elimination of different mechanisms which abrogate 

the cytotoxic CD8+ and CD4+ T cells may enhance the risk of the development of severe 

autoimmune pathology. Interestingly, the main complications during the treatment of patients with 

PD-1/PDL-1 blocking antibodies and with Treg-reducing CTLA-4 antibodies (284, 289) are 

autoimmune disorders. These disorders are also referred to as immune-related adverse events 

(irAE), and are the main indication for the termination of treatment with immune checkpoint 

blockers. In some cases, the immunomodulatory treatments led to irAE with fatal outcome (290). 

Thus the experimental approval of different immunomodulatory treatments are necessary for the 

development of safe and efficient therapy against malignancies and viral infections. An alternative 

immunomodulatory therapy was proposed for the treatment directed on gMDSCs in combination 

with antibodies against PD-L1/Tim3. Several clinical trials on cancer have targeted MDSCs by 

inhibiting the mechanisms of MDSC-mediated immunosuppression, blocking the MDSC 

trafficking, and by depleting MDSC (291). Previous study shows that gMDSCs were preferentially 

responsible for the immunosuppression during late phase of FV infection. Depletion of all MDSC 

by 5-fluorouracil and depletion of gMDSC by anti-Ly6G significantly enhanced the number of 

effector and tetramer+ CD8+ T cells and reduced the virus replication (109). In the current study 

mice received anti-PD-L1/-Tim-3 antibodies or anti-Ly6G antibodies for depletion of gMDSC 

individually as well as in combination during acute FV infection. In order to improve the depletion 



5 - Discussion 
 

110 
 

of gMDSCs the treatment was started at day seven after infection and was repeated every second 

day. In previous study the treatment with anti-Ly6G antibodies was performed once at day nine 

after infection (109). Combined treatment with anti-PD-L1/anti-Tim3 antibodies and depletion of 

gMDSC performed during acute FV infection did not provide any additional benefit for virus 

control in comparison to individual treatment with anti-PD-L1/anti-Tim3 antibodies. Also no 

potentiation in expansion of virus-specific CD8+ T cells after combination therapy were observed. 

These differences in the expansion of effector CD8+ T cells after anti-L6G treatment observed 

previously shows that the minimal modulation of the treatment protocol may lead to completely 

different effects of the treatment on the immune response. The individual treatment of animals 

with anti-PD-L1/anti-Tim3 antibodies and with anti-Ly6G led to the significant reduction in the 

numbers of CD4+ T cells expressing FoxP3+ (Fig. 4.26). This effect was potentiated in case of 

combination treatment. Received data evidenced that gMDSCs were involved in the regulation of 

Tregs expansion. Similar effects of MDSCs on the expansion of Tregs were previously 

demonstrated in A20 B cell lymphoma model. In this study in vivo inhibition of MDSC led to 

abrogation of Tregs proliferation and tumor induced tolerance in antitumor specific CD4+ T cells 

(108). Summarizing the current data, we can suppose that the different experimental therapies 

approved in experimental animal models provides necessary evidences for the understanding of 

very complex system, regulating the adaptive T cell immune response. All these knowledge are 

essential for development of efficient and safe immunomodulatory therapy of tumors and viral 

infections. 
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6. Summary 

Cytotoxic effector CD8+ T cells (CTLs) are responsible for the elimination of viruses and some 

malignancies. However, during chronic infections with viruses, like HIV, these cells become 

dysfunctional or exhausted. The dysfunction of CTLs is partly induced by inhibitory receptors up-

regulated on these cells during chronic infection.  However, effector CD8+ T cells express high 

levels of inhibitory receptors already during acute viral infections, but remain functional at this 

time point. This indicates that inhibitory receptors also regulate T cell functionality during the 

acute phase of infection. In the current study the Friend retrovirus (FV) mouse model was used to 

define the mechanisms that regulate CD8+ T cell immunity. From previous studies it was known 

that myeloid cells are targets for FV infection during acute and chronic phase. We performed a 

detailed characterization of subpopulations of myeloid cells as targets for FV during acute 

infection. FV preferentially infected granulocytes and monocytes and reduced the frequencies of 

these myeloid cells significantly in the spleen of infected mice. A few macrophages and mDCs 

were also infected with FV. A detailed phenotypic characterization of infected myeloid cells 

showed an up-regulation of the inhibitory ligands PD-L1, PD-L2, CD270 (HVEM), CD80, CD86, 

CD200, and CD48 in comparison to non-infected myeloid subpopulations. Simultaneously virus-

specific CD8+ T cells were analyzed for the expression of the receptors for these ligands. We 

observed that effector CD8+ T cells expressed many different inhibitory receptors on the cell 

surface after infection. Thus, infected myeloid cells expressing inhibitory molecules likely escaped 

the elimination by virus-specific CD8+ T cells positive for inhibitory receptors. In order to 

determine whether CD270, which was expressed on infected myeloid cells, suppresses CTL 

responses and interferes with the elimination of virus, we performed blocking experiments. 

Treatment with anti-CD270 antibodies, which selectively blocked the interaction of CD270 ligand 

to both its inhibitory receptors CD160 and CD272 was performed. Treated mice significantly 

reduced viral loads, however, the numbers of effector CD8+ T cells were not changed.  

From previous studies it was known that regulatory T cells and myeloid-derived suppressor cells 

also downregulate the functionality of CTLs during acute FV infection. In order to improve the 

elimination of FV by enhancing the functionality of CTLs two different combination treatments 

were performed.  
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In the first treatment experiment, Tregs were eliminated and the checkpoint receptors/ligands 

interaction was blocked with antibodies against PD-L1 and Tim-3. This combination treatment led 

to a strong expansion of CD8+ and CD4+ T cells producing the cytotoxic molecule granzyme B 

and improved elimination of FV. However, the combination treatment resulted in an expansion of 

MDSCs as a possible compensatory effect, which was necessary for the control of expanded CTLs. 

In the second combination treatment experiment, PD-L1 and Tim-3 were blocked and MDSCs 

were depleted with anti-Ly6G antibodies. While the treatment with PD-L1 and Tim-3 blocking 

antibodies as well as the depletion of MDSCs resulted in reduced numbers of FV infected cells 

when applied individually, the combination treatment did not lead to a further improvement of 

efficacy. This second combination therapy was not associated with the expansion of virus-specific 

CD8+ T cells and resulted in a reduction of Tregs instead of an increase. The current data allows 

us to better understand the very complex system that regulates the adaptive T cell response during 

a virus infection. This knowledge can be essential for the development of efficient and safe 

immunomodulatory therapies against tumors and infectious diseases.  
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7. Zusammenfassung 

Zytotoxische CD8+ Effektor-T-Zellen (ZTL) sind für die Eliminierung von Virusinfektionen und 

Tumorerkrankungen verantwortlich. In chronischen Infektionen mit Viren wie zum Beispiel HIV 

kommt es jedoch zur Erschöpfung und Dysfunktion dieser Zellen. Die Dysfunktion der ZTL wird 

zum Teil durch eine starke Expression inhibitorischer Rezeptoren in der chronischen Infektion 

induziert, andererseits exprimieren CD8+ Effektor-T-Zellen auch schon in der akuten Phase viraler 

Infektionen in einem hohen Maß inhibitorische Rezeptoren, bleiben zu diesem Zeitpunkt aber 

funktional. Dies deutet darauf hin, dass inhibitorische Rezeptoren auch während der akuten Phase 

der Infektion die T-Zell-Funktionalität regulieren. In der vorliegenden Studie wurde das Friend 

Retrovirus (FV) Mausmodell genutzt um Mechanismen zu definieren, welche die CD8+-T-Zell-

Immunität regulieren. Aus vorangegangenen Studien war bekannt, dass myeloide Zellen Zielzellen 

für die FV-Infektion sowohl in der akuten als auch der chronischen Phase darstellen. Es wurde 

daher detailliert untersucht, welche Subpopulationen myeloider Zellen Zielzellen von FV in der 

akuten Infektion darstellen. FV infizierte bevorzugt Granulozyten und Monozyten, und die 

Infektion führte zu einer signifikanten Reduktion in der Frequenz dieser myeloiden Zellen in den 

Milzen infizierter Mäuse. Auch einige Makrophagen und mDCs wurden durch FV infiziert. Eine 

detaillierte phänotypische Charakterisierung infizierter myeloider Zellen zeigte eine stärkere 

Expression der inhibitorischen Liganden PD-L1, PD-L2, CD270 (HVEM), CD80, CD86, CD200 

und CD48 im Vergleich mit nicht-infizierten myeloiden Subpopulationen. Es wurde andererseits 

auch die Expression der Rezeptoren dieser inhibitorischen Liganden auf Virus-spezifischen CD8+ 

T-Zellen untersucht, hierbei zeigte sich, dass CD8+ Effektor-T-Zellen nach der Infektion 

zahlreiche Rezeptoren auf der Oberfläche exprimieren. FV-infizierten myeloiden Zellen gelingt es 

also wahrscheinlich auf Grund der hohen Expression inhibitorischer Liganden, der Eliminierung 

durch Virus-spezifische CD8+ T-zellen zu entgehen. Um zu untersuchen ob das auf infizierten 

myeloiden Zellen stark exprimierte CD270 die ZTL-Antwort unterdrückt und die Virus-

Eliminierung verhindert, wurden Mäuse mit einem blockierenden Antikörper behandelt, welcher 

selektiv die Interaktion von CD270 mit den inhibitorischen Rezeptoren CD160 und CD272 

inhibiert. Mit dem Antikörper behandelte Mäuse zeigten signifikant reduzierte Viruslasten, 

allerdings blieb die Zahl an CD8+ Effektor-T-Zellen unverändert. 

Aus früheren Studien war bekannt, dass auch regulatorische T-Zellen und myeloide suppressive 

Zellen (myeloid-derived suppressor cells, MDSCs) die Funktionalität von ZTL während der 
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akuten FV-Infektion herabregulieren. Um die Eliminierung von FV zu verbessern wurden daher 

zwei verschiedene Kombinations-Therapien eingesetzt, welche die ZTL-Funktionalität steigern 

sollten. In einem ersten Ansatz wurden Tregs depletiert und blockierende Antikörper gegen PD-L1 

und Tim-3 eingesetzt. Diese Kombinations-Therapie führte zu einer starken Expansion von 

Granzym B-produzierenden CD8+ und CD4+ T-Zellen und verbesserte die Eliminierung von FV. 

Allerdings führte diese Therapie auch zu einer, möglicherweise kompensatorischen, Expansion 

von MDSCs, welche vermutlich die expandierte ZTL-Population kontrollierte. In einem zweiten 

Therapie-Ansatz wurde die Blockade von PD-L1 und Tim-3 mit der Depletion von MDSCs durch 

einen Ly6G-Antikörper kombiniert. Während sowohl die Applikation von PD-L1- und Tim3-

Antikörpern und die Depletion von MDSCs allein zu einer reduzierten Zahl FV-infizierter Zellen 

führte, wurde durch die Kombinations-Therapie keine weitere Verbesserung der Effektivität 

erreicht. Auch führte diese Kombinations-Therapie nicht zu einer Expansion Virus-spezifischer 

CD8+ T-Zellen, jedoch unerwartet zu einer Reduktion der Anzahl von Tregs. 

Die vorliegenden Daten ermöglichen uns ein besseres Verständnis der sehr komplexen 

Mechanismen, welche die adaptive T-Zell-Antwort während einer Virus-Infektion regulieren, und 

können wichtige Erkenntnisse liefern für die Entwicklung effektiver und sicherer 

immunmodulatorischer Therapien gegen Infektions- und Tumor-Erkrankung.
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9. Appendix 

9.1 List of Abbreviations 

Abbreviations Full form 

5FU 5- Fluorouracil 
oC Degree Celsius 

γδ T cells Gamma delta T cells 

µl Microlitre 

ADCC Antibody dependent cell mediated 

cytotoxicity 

AF 488 Alexa Fluor 488 

AF 647 Alexa Fluor 647 

AF 700 Alexa Fluor 700 

AIDS Acquired immunodeficiency syndrome 

APC Antigen presenting cells 

APC Allophycocyanin 

APC-Cy7 Allophycocyanin – cyanine 7 

Arg Arginase 

ART Antiretroviral therapy 

ATRA All – trans retinoic acid 

BM Bone marrow 

BSA Bovine serum albumin 

BTLA B and T lymphocyte attenuator 

BV Brilliant violet 421 

Caecam Carcinoembryonic antigen related cell 

adhesion molecule 1 

cAMP Cyclic adenosine monophosphate 

CD Cluster of differentiation 

CFSE Carboxyfluoresceinsuccinimidyl ester 

CLL Chronic lymphocytic leukemia 

CNS Central nervous system 

CRC Colorectal cancer 

CTL Cytotoxic T lymphocytes 

CTLA-4 Cytotoxic T lymphocyte Antigen 4 

DC Dendritic cells 

DEREG Depletion of regulatory T cells 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

dpi Days post infection 

DT Diphtheria toxin 

DTR Diphtheria toxin receptor 

EDTA Ethylene diamine tetra acetic acid 

ER Endoplasmic reticulum 

ERManI Endoplasmic reticulum a1,2-mannisidase I 

Env envelope 
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Eomes Eomesdermin 

FACS Fluorescence activated cell sorting 

FCS Fetal calf serum 

FELASA Federation of European Laboratory Animal 

Science Association 

FIV Feline immunodeficiency virus 

FITC Fluorescein isothiocyanate 

FL Follicular B cell non-Hodgkin lymphoma 

F-MuLV Friend murine leukemia virus 

FoxP3 Forkhead box P3 

FSC Forward scatter channel 

FV Friend Virus 

FVD Fixable viable dye 

G Gram 

Gag Group specific antigen 

Gal-9 Galectin - 9 

Gata-3 Gata binding protein 3 

GBP Guanylate binding protein 

GFP Green fluorescent protein 

gMDSC Granulocytic myeloid derived suppressor cell 

GIST Gastrointestinal stromal tumors 

Gzm Granzyme 

HAART High active antiretroviral therapy 

HBV Hepatitis B virus 

HCC Hepatocellular carcinoma 

HCV Hepatitis C virus 

HIV Human immunodeficiency virus 

HNSCC Head and neck squamous cell carcinoma 

HLA Human leukocytes antigen 

HSV Herpes simplex virus 

HVEM Herpes virus entry mediator 

HTLV-1 Human T cell leukemia virus-1 

IBD Inflammatory bowel disease 

IDO indoleamine 2,3- dioxygenase 

Ii Invariant chain 

i.p intraperitoneal 

iNOS Induced nitric oxide synthetase 

i.v Intravenous 

IFN-g Interferon gamma 

Ig Immunoglobulin 

IL Interleukin 

IgSF Immunoglobulin superfamily 

iTregs Induced regulatory T cells 

KLRG-1 Killer cell lectin like receptor subfamily G 

member 1 
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L liter 

LAG-3 Lymphocyte activation gene 3 

LCMV Lymphocytic choriomeningitis virus 

Lin- Lineage neagtive 

LTa Lymphotoxin alpha 

LTR Long terminal repeat 

Mab Monoclonal antibody 

MAB Membrane attack complex 

MBL Mannose binding lectin 

MCMV Murine cytomegalovirus 

mDC Myeloid dendritic cell 

MDSC Myeloid derived suppressor cell 

MFI Mean fluorescent intensity 

mg Milligram 

MHC Major histocompatibility complex 

ml Milliliter 

mm Melanoma 

mMDSC Monocytic myeloid derived suppressor cell 

mRNA Messenger ribonucleic acid 

mTOR Mammalian target of rapamycin 

NK Natural killer cells 

NLR Nod like receptors 

NOS Nitric oxide synthase 

NSCLC Non-small cell lung cancer 

nTregs Natural regulatory T cells 

PAMPs Pathogen associated molecular pattern 

PBBS Phosphate buffer saline containing glucose 

PBS Phosphate buffer saline 

PBMC Peripheral blood mononuclear cells 

PD-1 Programmed cell death 

PD-L1 Programmed cell death ligand 1 

PE Phycoerythrin 

PE Cy5 Phycoerythrin – Cyanine 5 

PE Cy7 Phycoerythrin – Cyanine 7 

PerCP Peridinin chlorophyll protein complex 

PHA Phytohaemagglutin 

PI Propidium iodide 

PI3K Phosphoinisitide 3-kinase 

PMNs Polymorphonuclear 

Pol Polymerase 

PRR Pathogen recognition receptors 

PtdSer Phosphatidyl serine 

RLR Retinoic acid inducible gene I like receptors 

RNA Ribonucleic acid 

ROS Reactive oxygen species 
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RPMI-1640 Rosewell park memorial institute medium 

1640 

RSV Rous sarcoma virus 

RT Reverse transcriptase 

SAMHD 1 Sterile alpha motif and histidine-aspartate 

domain 1 

SERINC3/5 Serine incorporator 

SFFV Spleen focus forming virus 

SIV Simian immunodeficiency virus 

SLAM Signaling lymphocytic activation molecule 

SSC Side scatter channel 

ssRNA Single stranded ribonucleic acid 

STAT Signal transducer and activator of 

transcription 

TCR T cell recptor 

Tetr Tetramer 

TGF-b Transforming growth factor beta 

Th T helper 

Tim-3 T cell immunoglobulin domain and mucin 

domain-3 

TLR Toll like recptor 

TNFR Tumor necrosis factor recptor 

TNF-a Tumor necrosis factor alpha 
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