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PATHOGENESIS OF VIRAL DISEASES

Viruses are obligatory intracellular parasites which differ in their structure and strategy of replication. The establishment of an antiviral state in uninfected cells and the elimination of virally infected cells are critical tasks in the host defense. Against the extensive array of immune modalities, viruses have successfully learned how to manipulate host immune control mechanisms. The study of viral strategies of immune evasion can provide insights into host-virus interactions and also illuminates essential functions of the immune system.

I. HOST IMMUNE CONTROL MECHANISMS

Innate immunity

a) Humoral immunity

1. Skin, tissue, circulation

2.  non-specific inhibitors 

              -    released cell receptors

· bind in circulation or in tissues to specific targets of virus surface

· activity against inluenza type A2
3. Interferons (IFN)

· 1957 – Isacs and Lindenmann

· low-molecular weight, acts in low pH

·  type I - IFN-α, IFN-β, IFN-ω 

·  type II - IFN-γ

Virus infected cells produce interferons type I. IFN-γ is produce only by activated T lymphocytes and NK cells.

IFNs anti-viral defense mechanisms – induction of anti-viral state of uninfected cells by paracrine activity or lead to programmed cell death by autocrine activity .  Regulation of haematopoiesis, coordination of humoral and cellular response of organism (e.g. increase expression of MHC molecules), inhibit growth of cells and have anti-tumoricidal activity.

IFN-induced response 

- induction of expression of dsRNA-activated proteinkinase (PKR, p68 kinase). During viral infection, dsRNA is generated, and in presence of ATP, PKR is autophosphorylated and catalyzes phosphorylation of alpha subunit of eucaryotic  initiation factor 2 (eIF-2α). This phosphorylation leads to inhibition of this factor and prevent creation of initiation complex needed to synthesis of viral proteins.  

- induction of expression of a few types 2´, 5´-oligoadenylatsynthethase that binds dsRNA and then activates RNase L, which degrades virus mRNA. 

- IFN-γ and other cytokines stimulate expression of NO synthase and production of NO, that inhibits ribonucleotide reductase, a key enzyme of DNA synthesis and prevents virus growth at DNA level.
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4.Complement – enveloped viruses, denaturation of nucleic acid after destruction of envelope - virolysis.

 b) cellular

1. Phagocytosis - monocytes/macrophages, neutrofiles,  eosinofiles

· Ingestion, disintegration of ingested material, processing and presentation of antigens

· Initiation of specific immune response

· Reservoir of infection – e.g. HIV infection

2. NK cells - lymphocytes, non- T non- B lymphocytes      characterization, kill cells infected by viruses, some tumor cells and some bacteria.

Adaptive immunity

a) Humoral-antibodies

Activation of B lymphocytes leads to their proliferation and differentiation to plasmatic cells and production of antibodies. B lymphocytes can recognize some circulating antigens in native form, and can serve as an antigen presenting cells. Almost protein antigens cause antibody response  only in the case of cooperation between B and Th lymphocytes.

b) Cellular

Activation of T lymphocytes leads to their proliferation and differentiation to specific cytotoxic lymphocytes (CTL; CD8+) or helper lymphocytes (TH;  CD4+). Antigen is presented by APC (macrophages, dendritic cells, Langerhan's cells). In case of viral infection, virus antigens are presented together with  MHC class I that bind to CD8+ T lymphocytes.

II. VIRAL MECHANISMS OF IMMUNE EVASION

1. Viral interference with  MHC functions 

· CTL and  MHC class I

- decrease of expression MHC class I on the cell surface, infected cell can not be recognized by CTL (CD8+) and pathogen has time for its own replication. NK cell are able to recognize cells with low expression of MHC class I and such cells can be destroy by them.

· proteolysis

· effect on antigen processing

·  Infection with human cytomegalovirus (HCMV) leads to expression of viral phosphoproteine pp65, which inhibits creation of specific epitopes, that are present to T lymphocytes. 

· Epstein-Barr virus (EBV) encodes EBNA-1 protein, which include in its structure combination Gly-Ala repeat motif and prevents proteosomal degradation. 

· Infection with HIV leads to formation of peptides, which are different in sequence from peptide which caused specific interaction with T lymphocyte, and can antagonize previous response.

· transport of peptides

Peptides from cytosole are transferred to lumen of endoplasmic reticulum by  transports associated with antigen processing (TAP). Herpes simplex virus-1 (HSV-1) and HSV-2 encode proteins, which inhibit TAP. These proteins compete for binding site on TAP complex. HCMV encodes protein, which interact with TAP on luminal side of endoplasmic reticulum and prevents transport of proteins through TAP pore. 

 -    retention, internalization and destruction of  MHC class I

In case of successful  creation of MHC class I, this molecule is expressed on cell surface. Some virus-encoded proteins can bind MHC class I in  endoplasmic reticulum (ER) and prevents their transport from ER onto cell surface. 

-Adenovirus E3-19 glycoprotein, HCMV US3 protein

-Mouse CMV glycoprotein m152 causes retention of MHC in Golgi compartment, m6 binds MHC and targets transport to lysosomes for degradation.

-HIV encodes two proteins, which interacts with MHC.  Nef protein cause endocytosis of surface MHC class I and CD4 , and Vpu protein, which cause destabilization of MHC and targets CD4 to proteasome.

·  restriction of MHC class II

 Exogenous peptides from metabolized foreign proteins bind to native molecules of MHC class II associated with invariant chain in endosomal compartment of cell. Only peptides with high affinity are bound and translocate invariant chain. These peptides are presented with MHC class II on cell surface and recognized by T lymphocytes (CD4+).

- HSV, HCMV, MCMV, adenoviruses, HIV.

2. NK cells

HCMV and MCMV encodes proteins UL18, m144, which act as an analogues of MHC class I and inhibit lysis of cell caused by NK cells.  Molluscum contagiosum virus encodes also analogue of MHC class I but its proper function is nit known.

3. Interferention with  endocytosis

· EBV encodes homologue  of IL-10 which inhibits transport of MHC class II on cell surface and response of T lymphocytes is delayed. 

4. Inhibition of  complement and antibodies 

Inhibition of  soluble complement factors - vaccinia, variola, HSV-1 and 2, HHV-8 (human herpesvirus 8, herpes virus associated with Kaposhi sarcoma), HIV  and others. Virus homologues of C4BP, CR1, CD46 or CD55 molecules

Blocking of membrane lytic complex - vaccinia, HIV, HTLV, HCMV. Incorporation of factors preventing cell lysis in normal conditions into virus envelope (e.g. CD59).

HSV-1, HSV-2, MCMV, coronavirus encode  Fc receptors. Antibodies can bind to this receptors and inhibit immune activation of complement or phagocytosis.

5. Cytokine regulation

· Inhibition of IFN effects

- inhibition of Jak/Stat pathway, e.g. adenovirus E1A protein causes a decrease of Stat1 and p48, EBV EBNA-2 protein decrease IFN induced transcription. HCMV decreases the levels of Jak1 and p48 molecules, has an influence on proteasome function. Inhibition of IFN activity was observed in parainfluenza virus, papiloma virus 16.
-involvement of IFN induced  transcription - HHV-8 or hepatitis B virus.

-inhibition of  PKR activity (reovirus, rotavirus, Orf virus, baculovirus, vaccinia, influenza, EBV, HIV, adenoviruses, poliovirus, HCV, HSV), prevention of phosphorylation of eIF-2α (vaccinia, HSV) and  inhibition of 2´5´OS/RNase L system (reovirus, rotavirus, Orf virus, vaccinia, influenza, HSV,HIV, EMCV).

· virus cytokines and cytokine receptors

· virus receptors for TNF (HCMV, vaccinia, cowpox virus, myxoma virus), IL-1β (vaccinia), IFN-γ (myxoma virus, vaccinia, cowpox virus), IFN-α/β (vaccinia), CSF-1 (EBV), GM-CSF/IL-2 (Orf virus), IL-18 (molluscum contagiosum virus, vaccinia]. 

· IFN-γ/IL-2/IL-5 (Tanapox virus), chemokines (HHV-8, HHV-6, MCMV, HCMV, HIV), growth factors (vaccinia, myxoma virus), angiogenetic factors (Orf virus), interleukines (IL-10: EBV, Orf virus, HCMV, IL-17: HVS, IL-6: HHV-8).
· virus inhibition and modulation of cytokine activity

Adenoviruses prevent cytolysis induced by TNF and block the activity of phospholipase A2 through inhibition of TNF signaling pathway. Poxviruses encode genes inhibiting maturation  of cytokines - crmA, SPI-2, B13R, inhibit IL-1β converting enzyme (caspase 1). Other viruses inhibit production of IL-12 or inhibit transcription pathway through NFκB.

6. Viral infection and apoptosis

Among DNA viruses that cause apoptosis belong adenoviruses, HSV-1 or varicella-zoster virus. Several RNA viruses have also been reported to induce apoptosis, namely poliovirus, Sindbis virus, measles virus, reovirus, or influenza virus HIV-1-induced apoptosis of human CD4+ T cells or peripheral blood monocytes are typical examples of retrovirus-induced apoptosis. 

The Epstein-Barr virus (EBV) latent membrane protein 1 (LMP1) upregulates the expression of Bcl-2, and EBV itself encodes BHRF1, a protein homologous to Bcl-2. Human herpesvirus-8 (HHV-8), herpesvirus saimiri (HVS), equine herpesvirus (EHV), African swine fever virus (ASFV), adenovirus, murine gammaherpesvirus 68 (MHV-68), alcelaphine herpesvirus (AHV), and bovine herpesvirus 4 (BHV-4) encode also a proteins homologous to Bcl-2. In addition, molluscum contagiosum virus (MCV), HVS, EHV-2, BHV-4, and Kaposi`s sarcoma associated HHV-8, encode v-FLIPs (viral FLICE-inhibitory proteins) that inhibit activation of the protease FLICE induced by Fas or by related cell death-inducing receptors. MCV encodes a protein MC66 which acts as a selenocysteine-containing glutathione peroxidase and scavenger of reactive oxygen metabolites. Furthermore, viral oncoproteins, such as simian virus 40 T antigen, human papilloma virus E6 and adenovirus E1B inactivate p53, thereby suppressing the p53-dependent pathway of apoptosis. Other mechanisms include caspase inhibition, ring finger motif expression which prevents UV-induced apoptosis, targeting of Fas for lysosomal degradation, inhibition of TNF-induced apoptosis, or expression of proteins that block apoptosis mediated by death receptors and that are localized in mitochondria but unrelated to Bcl-2.

7. Other mechanisms

Inhibition of inflammation – production of  serine proteases, serpines (myxoma virus) or 3β-hydroxysteroids (vaccinia).
III. EXAMPLES OF VIRUS-HOST INTERACTIONS

1. HIV
· species Retroviridae, subspecies Lentivirinae

· HIV-1 (central Africa, other continents),  HIV-2 (dominantly West Africa)

a) CNS

An antigen expressed by astrocytes in human brain tissue and by various human astrocytoma cell lines was shown to cross react with a monoclonal antibody generated against amino acids 584-609 of the transmembrane protein gp41 of human immunodeficiency virus type 1 (HIV-1). This region is an immunodominant segment of gp41, and high levels of antibodies against this epitope have been detected in both serum and cerebrospinal fluid of HIV-infected individuals at all stages of HIV infection. The target protein for this cross-reactive antibody has been identified as a 100 kDa protein. Other autoantigens identified in HIV seropositive individuals include MHC class II, CD14, EGF receptor and ganglioside GD2. Similar results have been obtained in studies with HIV-1 p24 and self antigens, consistent with the appearance of a entire range of autoimmune disorder linked with the progression of HIV infection.

HIV subtypes isolated from the brain or cerebrospinal fluid of symptomatic patient differ from subtypes isolated from blood.

Infection of endothelial cells of brain capillaries seems to play important role of damage of CNS. Virus get through basolateral side of endothelial cells to astrocytes. Infection of both type of cells leads to damage of hematoencefalic barrier and T lymphocytes and macrophages can entry to CNS. Infection spreads onto other cells (oligodendroglia and microglia). Virus proteins (gp120, gp41, Tat, Nef), release of large scale of cytokines and virus growth lead to direct neurotoxic effect or block intercellular signaling pathway accompanied by neurologic symptom. Damage of CNS is also caused by virus co-factors as herpetic  or papova virus infection 

b)GIT

-infection of enterochromafinic cells in mucosa 

-decrease of cells presenting antigen in GIT (specially activated dendritic cells),  supporting opportune infection

-malabsorption, diarrhea – direct effect of virus infection on membrane integrity of intestinal cells affects transport of Na and water. Also some toxins can be produced by infected cells.

c) Haematopoietic  and immune system 

· damage of bone marrow, lymphatic tissue, dysregulation of immune 

· decrease of CD4+ and increase of CD8+ lymphocytes

· phenotype changes of B lymphocytes, NK cells, CD4+ a CD8+ lymphocytes

· abnormal activation of B lymphocytes leads to their dysregulation

· early infection - hypergamaglobulinemia, increase of immunocomplexes in blood 

· persistent generalized lymphadenopathy - polyclonal activation of B lymphocytes

· macrophages-decrease of antigen presentation, decrease of chemotactic activity and abnormal cytokine production

· NK and dendritic cells  - decrease of number and their activity to stimulate primary T lymphocytes and increase of antibody production by B lymphocytes 

· decrease of CD4+ - cytopatic effect of  HIV and its proteins, changing of membrane permeability of CD4+ upon HIV infection, dysregulation of cytokine production important for function of CD4+, destruction of bone marrow (inhibition of progenitor CD34+ cells), destruction of lymphatic tissue, immunosuppressive effect of immune complexes and viral proteins, induction of apoptosis, auto-antibodies against CD4+, cytokine cytotoxicity.

· hyperplasia of lymphatic tissue and chelatation of extracellular virions by follicular    

     dendritic cells  are characteristic for early stages, then the destruction of lymphatic node is observed and chelatation of virus is decreased. On the other hand, expression of virus and viraemia increase. Finally, atrophy of lymphatic tissue is detected,  number of CD4+  is decreased, and destruction of follicular dendritic cells is observed.

b) Kidney

-damage of renal tubuli (infection of endothelial and mesangial cells)

- immunocomplexes glomerulonefritis extraordinary

c) Heart

· cardiomyopathy and changes on ECG (perhaps effect of glycoprotein gp120 on    

      permeability of cell membrane)

d) Lungs

-  Virus proteins affect the permeability of alveolocapilary membrane.

 2. Influenza 

· antigenic shift, new subtype

· antigenic drift, antigenic changes of new subtype 

-     Influenza A - more frequently hemaglutinines than neuraminidase

Virus neuraminidase decreases viscosity of mucous barrier and virions can better reach the receptors on the cell surface, and cause an inflammatory infiltration, edema and destruction of mucous epitel. Infection of alveoli causes changes of oxidative and redox metabolism in pnemocytes. Replication of virus cause decrease of function of macrophages and polymorphonuclears.

3. CMV

The most frequent infection in humans; DNA virus; herpesvirus; β-herpetic virus. 

-latent infection, adsorption on cell surface and oncogenic potential 

-CMV has a specific receptor on the cell surface - annexin II (lipocortin group).  Virus envelope glycoprotein gpUL55 binds to this receptor. Other virus glycoprotein gpUL75 binds to the cell surface causing fusion of virus envelope with cell membrane. Another protein pUL18 is homologous to light chain of MHC class I, and binds to β2-microglobuline, which is a part of MHC class I. Binding to the membrane receptor causes activation of kinases, which phosphorylate inhibitors of nuclear NFκB. NfκB is activated and binds to special genome sequence, which is important for transcription of genetic information. 

-primary infection and reactivation is accompanied by activation of CD8+ T lymphocytes and  NK cells. 

-CMV causes large damage of cellular immunity, and is accompanied by decrease of CD4+ T lymphocytes, decrease of blastic transformation of lymphocytes and increase of CD8+ lymphocytes

-CMV is activated by immunosupression but virus alone causes immunosupression Very dangerous is superinfection with Pneumocystis carini because of inhibitory effects of CMV on activation of macrophages.

4. EBV

DNA virus,  γ-herpetic virus

-persistent infection in host 

-antibodies have more diagnostic properties than for virus clearance

-cellular immunity –CTL

-molecular mimicry:  LMP-1 protein (cell homologue is CD40). Cytosolic domain of LMP-1 binds to factor connected with TNF receptor (TRAF) 1, 2, 3 and 5. LMP-1 activates receptor for epidermal growth factor, expression of B7-1, Fas and adhesive molecules, induces secretion of IgM antibodies, activates NFκB and stress proteinkinases, B cells, inhibits apoptosis by activating of Bcl-2, Mcl-1 and A20. Encodes homologue of Bcl-2. Blocks apoptosis triggered by TNF, anti-Fas antibody or c-myc protooncogenes. EBV encodes also two proteins interfering with human cytokines. Protein BCRF-1 has 80% homology with IL-10, and inhibits production of IFN-γ and IL-12, triggers growth of B cells, and inhibits growth of dendritic cells. BARF-1 has homology  with receptor for colony stimulating factor 1 (CSF-1R), and inhibits proliferation of macrophages. Virus protein EBNA 1 with unknown cell homologue inhibits presentation of antigen.

-herpesviruses encode other glycoproteins (e.g. E or I), which inhibit activation of complement triggered by antibody. They bind to Fc fragment of IgG.  Glycoprotein C-1 inhibits complement activation by direct binding to C3b factor. Protein ICP47 involves creation of MHC class  I.

   5. HBV + HCV

 -the smallest DNA virus

-HBV is not directly cytopatic, 

-damage of liver is caused by immune response

- virus antigens HbeAg and HbcAg are expressed on hepatocytes surface together with MHC class I. Infected hepatocytes are targets for NK cells and CTL and are damaged by lysis. Dysregulation of immunity and present of defect mutants HbeAg (precore-e-minus mutant) lead to sustain infection.

-the tissue specific antibodies observed in the course of viral infections of the same tissue can be cited as examples, e.g. in Hepatitis C virus infection, autoantibodies are found that cross-react between GOR, a normally sequestered host nuclear antigen, and the HCV core peptide, where sequence homology between the two epitopes has been confirmed. Such antibodies are found in up to 60% of patients with hepatitis C for anti-HCV+ autoimmune hepatitis type 2b. The specificity is confirmed by the finding that these antibodies are not found in non-HCV+ types of autoimmune hepatitis. Alternatively, pre-existing autoantigens may be tolerated, e.g. via clonal deletion or by the action f T-suppressor cells, but tolerance may be broken down when viruses bind to autoantigen, providing new carrier determinants that trigger appropriate cells. 

5. Poxviruses

Vaccinia virus belongs to the most studied viruses. VV was used for vaccination against smallpox by Dr. Edward Jenner in 1796. It is perhaps hybrid between variolla virus and cowpox virus.

VV encodes large scale of proteins interfering with the host cell immune response. VV inhibits metabolism in the host cell and usually causes lysis of infected cell. In some cases the programmed cell was described. 

-inhibits activation of PKR and 2´,5´-oligoadenylatesynthetase, compete for eIF2α to block inhibition of translation. VV encodes protein interfering with complement system, encodes soluble cytokine receptors (TNFR, IFN I a II, IL-1β), virus growth factors with homology with EGF. Inhibits inflammation by encoding enzymes for synthesis of steroids, and inhibitors of serine proteases - serpins.

7.  Ebola 

