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Abstract: Cytomegalovirus (CMV) infection is one of the most important infectious complications of solid-organ transplantation, a serious, life-threatining, opportunistic pathogen in HIV-infected patients, and may cause hearing defects and irreversible central nervous system disease in infants infected during gestation. Four drugs are currently licensed for prophylaxis, pre-emptive therapy, and treatment of CMV infection - ganciclovir, and its oral prodrug valganciclovir, foscarnet, cidofovir, and fomivirsen. All four drugs are effective against CMV infection. Toxicities, drug-drug interactions, poor bioaailibility, and the development of drug resistance, however, are clinically relevant and common limitations of these drugs. Novel compounds are on the horizon that possibly will become useful alternatives to currently licensed drugs. Maribavir, a benzimidazol, is the most promising novel drug and closest to clinical application. Several phase II clinical trials proved its good tolerability and effectivity. Other compounds are currently evaluated in pre-clinical and phase I trials with promising preliminary data. In addition, analogs of cidofovir posess significantly improved pharmacological and virological characteristics allowing their oral administration. This review summarizes the current status in drug development and will introduce the most recent patents on this line of research.



Keywords: Cytomegalovirus, herpesviruses, therapy. INTRODUCTION CMV DISEASE IN THE HUMAN HOST CMV infection is one of the most important infectious complications of solid-organ transplantation [1] and a serious, life-threatining, opportunistic pathogen in HIVinfected patients [2]. CMV infection, defined as a significant rise in the titer of CMV-specific antibodies, occurs in 44% to 85% of kidney, heart, and liver transplant recipients primarily in the first 3 months posttransplantation, when immunosuppression is most intense [3,4]. CMV disease manifests in transplant recipients primarily in the organ transplanted with the risk of consecutive dissemination and affection of other organs such as central-nervous system, eye, and urogenital- or gastrointestinal tract (Fig. 1). Symptomatic CMV disease occurs in 8, 29, 25, 50, 22, and 39% of kidney, liver, heart, pancreas/kidney-pancreas, human small bowel, and heart-lung transplantation recipients, respectively [5,6]. Particularly patients with primary CMV infection and recipients being treated with antibodies to lymphocyte antigens are at highest risk of symptomatic CMV disease [1,7]. Primary CMV infection during pregnancy carries a significant risk for the child, particularly when infection occurs during the first trimester. Infants infected during gestation but asymptomatic at birth will develop hearing defects or neurodevelopmental sequelae in 10-17% of cases. More importantly, 5-10% of congenitally infected neonates have symptoms of irreversible CNS involvement including microcephaly, encephalitis, seizures, upper motor neuron disorders, and psychomotor retardation [8]. In addition to causing symptomatic disease, CMV employs multiple mechanisms to evade the host’s innate and *Address correspondence to this author at the Medical University of Vienna, Department of Internal Medicine I, Division of Infectious Diseases, Waehringer Guertel 18-20, A-1090 Vienna; Tel: +43-1-40400-4440; Fax: +43-1-40400-4418; E-mail: [email protected]. 1574-891X/07 $100.00+.00



specific immunity [9]. As a result, the net level of therapeutic immunosuppression is augmented in trans-plant patients and the susceptibility to a variety of other opportunistic infections increased [1,10]. The clinical significance of these in vitro findings is demonstrated by CMV-associated acute rejection of transplanted organs [11], reduced longterm graft function [12,13], and 2.5 times more rapid progression to AIDS and death in CMV-seropositive HIVinfected patients than in those who are CMV-serone-gative [14-16]. In the case of primary CMV infection, even HIVinfected patients with relatively high CD4 cell count (>100/mm3) are at a significantly increased risk for progression to AIDS [17]. THE VIRUS CMV is a member of the ß-herpesvirus group and characterised by its strict species specificity, long life cycle, and persistence within the host for lifetime [18]. It is an eveloped DNA virus and the largest known human herpesvirus [19]. The double-stranded linear CMV genome of about 235-kbp [20] exhibits a pattern of terminal and inverted repeats that vary in size depending on the virus strain and passage history. Purified virus particles of CMV have been estimated to contain 30 to 40 polypeptides with molecular weights ranging in size from 20 to over 300 kd [21-24]. The virion of CMV contains two classes of RNA in addition to the DNA, unlike that of other DNA viruses. One type of RNA forms hybrid structures within the origin of replication (oriLyt) in packaged genomes [25], and the other type of RNA appears to be within the tegument and to be expressed after entry into cells [26]. The CMV genome also carries a large number of ORFs with characteristics of integral membrane glycoproteins that have not been studied in any detail but may encode minor envelope constituents that play roles in attachment and entry. An icosahedral protein capsid encases the genome (Fig. 2). The capsid is composed of seven proteins, all of which © 2007 Bentham Science Publishers Ltd.
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Fig. (1). CMV disease. A, CMV esophagitis presenting as large, shallow ulcer with punched out border. CMV was demonstrated immunohistochemically from a representative biopsy of the ulcerated area (image was kindly provided by Dr. Michael Häfner, Medical University Vienna, Austria). B, CMV retinitis in a patient with AIDS appears as an arcuate zone of retinitis with extensive hemorrhages and optic disc swelling (image was kindly provided by Dr. Dejaco-Ruhswurm, Medical University Vienna, Austria). C and D, CMV ventriculoencephalitis. Multiple small, periventricular lesions of the brain noted on brain magnetic resonance imaging studies (arrows) (image was kindly provided by Dr. Majda Thurnher, Medical University Vienna, Austria).



are homologous to those identified in human herpes simplex virus (HSV). Between the capsid shell and envelope is a tegument that contains as many as 25 proteins, many of which are phosphorylated as denoted by the prefix pp. The products of 11 ORFs (UL25, UL26, UL32, UL47, UL48, UL48.5, UL82, UL83, UL85, UL88, UL99) have been detected when virion/dense body polypeptides are electrophoretically separated [21,27], and all appear to be both phosphorylated [22,28] and highly immunogenic. Additional viral proteins have been localized to the tegument including viral DNA polymerase [29] and the UL97 kinase [30].The most prominent are UL83 (pp65), UL32 (pp150), UL99 (pp28), UL82 (pp71), and UL48 (huge tegument pro-tein) [22,27,31]. Although several transcriptional transac-tivators (UL82, UL69, pTRS1, pIRS1) have been localized to the tegument [32,33], the functions of most tegument proteins remain uncharacterized. Tegument proteins are conserved among ß-herpesviruses but are not herpesvirus-common. The lipid bilayer envelope carries two prominent herpesvirus-conserved glycoprotein complexes [18,34]. One



is composed of covalently linked, proteolytically processed dimers of glycoprotein B (gB) encoded by UL55 [35-37], and the other is composed of the products of the UL75, UL115, and UL74 genes - gH, gL, and gO, respectively [38, 39]. These glycoprotein complexes play critical, but as yet incompletely understood roles in viral replication and infection that may be common to all herpesviruses. CMV envelope glycoproteins are presumed to be involved in virus adsorption to cellular receptors; fusion with the plasma membrane and penetration into the cytoplasm, virion assembly, and egress of progeny virus from the infected cell [40]. In addition, glycoprotein B is highly immunogenic [41-43]. Viral polymerases are classified according to their sequences and functional homologies. All herpesvirus polymerases belong to the family B DNA polymerases. Several eukaryotic polymerases, including human α- and δpolymerases, also belong to this family of DNA polymerases with human δ-polymerase sharing the highest degree of homology with the herpesvirus polymerases [44]. These family B DNA polymerases share six to seven highly



Therapy of Cytomegalovirus Disease



Recent Patents on Anti-Infective Drug Discovery, 2007, Vol. 2, No. 1 55



Fig. (2). Virtual three-dimensional model of human cytomegalovirus, showing various components of the virus (reproduced with permission from Marko Reschke and Markus Eickmann, Institut für Virologie, Marburg, Germany).



conserved domains labeled I through VII, in decreasing order of conservation. In addition to these family B conserved domains, herpesvirus DNA polymerases share an additional conserved domain referred to as the α- or δ-domain. Hence, broad inhibition of herpesvirus polymerases may be possible if compounds target conserved domains shared among the herpesvirus polymerases but not shared among other eukaryotic polymerases such as human α- and δ-DNA polymerases. NATURAL COURSE OF CMV INFECTION Human CMV can be transmitted via saliva, sexual contact, placental transfer, breastfeeding, blood transfusion, or solid-organ or haematopoietic stem-cell transplantation. After entry into the host, the virus disseminates within the host facilitated apparently by leukocytes and vascular endothelial cells. Productive (lytic) infection results in a coordinated sequence of events that leads to the consecutive synthesis of immediate-early, early, and late viral proteins. Productive infection resolves in the normal host spontaneously and CMV establishes lifelong latency or persistence within the infected person. In the developed world, acquisition of Cytomegalovirus (CMV) arises progressively from an early age, and in developed countries, the overall seroprevalence is approximately 60% [45]. Homosexual men, poor socioeconomic groups, and residents of developing countries have clearly higher seroprevalence rates



exceeding 90%. Thus, a large proportion of the adult population remains susceptible to primary infection in developed countries. Cells of the myeloid lineage constitute an important reservoir in latency. Permissiveness for cytomegalovirus replication is cell-type specific-i.e. the virus can enter a cell, but because of transcriptional repression of the major immediate-early promoter there is no production of new virions. The permissiveness of myeloid cells for viral replication is related to their state of differentiation; monocytes are non-permissive, whereas differentiated macrophages and immature dendritic cells are permissive for productive infection [46] During latency, viral gene expression is limited to early genes [47-49]. Only tissue macrophages (a differentiated form of circulating monocytes) express early and late CMV antigens [50]. In healthy carriers, viral DNA is also present in a small proportion of CD14+ monocytes and in dendritic cells and megakaryocytes [46]. In contrast, presence of the virus in a subset of CD34+ myeloid progenitor cells could be established only in immunosuppressed bone marrow recipients [51]. CMV is shed periodically in multiple body fluids, including saliva, urine, tears, semen, cervicovaginal fluid, and breast milk. Reactivation from latency may be observed in 13% of adults and periods of viral shedding in urine become less common with increasing age of the individual. The factors leading to reactivation of CMV from latency are
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incompletely understood. Particularly the production of the stress hormones cortisol, ACTH, epinephrine, and norepinephrine has been implicated in the reactivation and shedding of CMV in urine [52]. DRUGS CURRENTLY LICENSED FOR TREATMENT OF CMV DISEASE (TABLE 1)



THE



The use of currently licensed drugs has decreased the burden of CMV disease in transplant patients and significantly improved survival and quality of life in AIDS patients. Antiviral prophylaxis or pre-emptive therapy is used commonly to decrease the risk of severe sequelae from cytomegalovirus infection in transplant recipients. Prophylactic regimens were found to be safe and effective in the prevention of CMV disease after solid-organ transplantation [53,54] and bone-marrow transplantation [55]. Antiviral prophylaxis for CMV disease was also shown to reduce the risk of acute allograft rejection [56].
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There are currently four drugs licensed in the US for the treatment of cytomegalovirus infection and disease ganciclovir, and its oral prodrug valganciclovir, foscarnet, cidofovir [57-61], and fomivirsen, with the latter being licensed for intra-ocular use only. All CMV inhibitors that are currently approved for the treatment of CMV infections target the viral DNA polymerase and thereby block elongation of the viral DNA chain; with the exception of fomivirsen, which is an antisense oligonucleotide targeted at the immediate early gene locus. Ganciclovir and Valganciclovir Ganciclovir [9-(1,3-dihydroxy-2-propoxymethyl)guanine, Cymevene® or Cytovene®, Roche Pharmaceuticals], is a deoxyguanosine analogue that must be phosphorylated in three steps to ganciclovir triphosphate to exert its antiviral activity [59,62,63]. Of crucial importance in this phosphorylation process is the first phosphorylation step which is ensured by a specific virus-encoded (UL97) protein kinase
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competitive inhibitor of viral DNA polymerase
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Regimen



Induction: 5 mg/kg IV q12h for 714 days



Oral bioavailibility, %



Ganciclovir (Cymevene or Cytovene, Roche)



Drug class



Major elimination pathway



Compound name (brand name, manufacturer)



Year of approval



Table 1. Drugs licensed for prophylaxis, pre-emptive Therapy, and Treatment of CMV Infection
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