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Abstract 

 

INVESTIGATING SYNERGY BETWEEN RIBONUCLEOTIDE REDUCTASE INHIBITORS 

AND CMV ANTIVIRALS 

By Sukhada Bhave, MS 

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science 

at Virginia Commonwealth University. 

 

Virginia Commonwealth University, August 2012 

 

 

Major Director: Michael McVoy, Ph.D. 

Professor, Department of Microbiology and Immunology 

 

 

       Cytomegalovirus (CMV) infections remain a significant problem in congenitally infected 

infants and immunocompromised individuals. Modest antiviral activities of currently approved 

drugs coupled with dose-limiting toxicities restrict effectiveness and promote development of 

resistance. The potential for ribonucleotide reductase (RR) inhibitors hydroxyurea (HU), Didox, 

and Trimidox to synergize, through reduction of nucleotide pools, with the deoxynucleotide 

analog Ganciclovir (GCV) was examined. A yield reduction assay that utilizes luciferase 

expressed by a recombinant virus as a surrogate measure of viral infectious units was developed 

and used to determine effective dose ranges for each drug. RR inhibitors exhibited intrinsic anti-

CMV activities on their own with IC50 values well below toxic levels. Moreover, RR inhibitors 

significantly synergized with GCV. These findings provide a rationale for exploration of RR 

inhibitors and deoxynucleotide analogs in anti-CMV combination therapy.
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INTRODUCTION 
 

 

 

Impact on human health- 

 

       Cytomegalovirus or CMV is a member of the Herpesviridae family of viruses. It is a 

common virus that infects people of all ages. CMV has a ubiquitous distribution, with between 

40 and 90% of all adults worldwide carrying the virus. It infects between 50% and 80% of 

persons in the United States by 40 years of age. The vast majority of people infected with CMV 

do not show any symptoms. Primary CMV infections in immunocompetent individuals are mild 

or asymptomatic, or produce fever-like and mononucleosis-like symptoms. After primary 

infection the virus remains in a latent state for the entire lifetime of the host. However, CMV is 

highly pathogenic in immunosuppressed patients, especially AIDS and transplant patients. 

Moreover, congenital CMV infections are among the leading causes of birth abnormalities in 

developed countries 
(1)

. 

CMV infection and disease among transplant recipients- 

      CMV is a major pathogen of immunocompromised solid organ and bone marrow transplant 

patients. 80-90% of all post-transplant patients are infected by the virus, while the incidence of 

CMV disease is 30-40% 
(2)

. Severe disease is most common when the recipient is seronegative 

and receives organs or blood products from seropositive donors. However, CMV disease can 

also occur following reactivation from latency in seropositive transplant recipients. CMV disease 

has a number of clinical manifestations, including asymptomatic viremia, CMV syndrome 

(viremia with symptoms including fever and malaise) and tissue-invasive disease (e.g., colitis, 
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pneumonitis, hepatitis, retinitis, and disease in other sites) 
(3)

. In
 
BMT recipients, CMV-induced 

interstitial pneumonia is a frequent
 
and endangering manifestation of CMV disease. The risk of 

CMV also varies with the type of organ transplant received: lung, small intestine, and pancreas 

transplant recipients are at higher risk than kidney and liver transplant recipients 
(4)

. These 

differences may be due to the net state of immunosuppression or other endogenous factors 

specific to the transplanted organ. The level of immunosuppression may depend on a number of 

factors, such as type and amount of immunosuppressive therapy or the presence of bacterial, 

fungal or other viral infections. Bone marrow transplantation (BMT) as a therapy of 

hematological
 
malignancies is associated with a transient immunodeficiency. Accordingly, 

during the period of immunocompromise, transmission
 
of donor-type CMV with the transplant as 

well as recurrence of
 
CMV from latency established within the recipient`s organs both entail a 

risk for destructive virus replication
 
in tissues resulting in multi-organ CMV disease 

(5)
. 

CMV in HIV-infected patients- 

       Before the advent of highly active antiretroviral therapy (HAART), CMV was the most 

frequent opportunistic pathogen in patients with AIDS. It has been reported that CMV affects 

about 45% of AIDS patients at some point of time during the course of the disease. The common 

effects of CMV infection in this population include retinitis, gastrointestinal infection and 

neurologic disease. CMV retinitis accounts for 85% of all CMV disease in patients with AIDS. If 

untreated, CMV retinitis can progress to total retinal destruction and blindness 
(6)

. With the 

development of HAART, CMV infection in AIDS patients has become less common. Treatment 

with HAART suppresses HIV replication, resulting in a drop in HIV load and in immune 

recovery, resulting in a rise in CD4 T-cell counts. Thus, the incidence of opportunistic infections, 

such as CMV retinitis, declines. However, the long-term consequences of CMV infection in 
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AIDS patients still remain undefined. CMV retinitis and GI infection are still a problem for 

patients with delayed diagnosis of HIV and those who are intolerant or unresponsive to HAART 

(7)
. It requires about eight months for HAART to induce reconstitution of immunity, thus a 

significant population still arises with a risk of CMV infection 
(8)

.  

Congenital and Perinatal CMV- 

       In the United States congenital CMV affects approximately 1% of all live births each year, 

making it the most common congenital infection and a major cause of morbidity and mortality 

among infants 
(9)

. In many cases, babies are either infected in utero or during delivery by 

transmission from mothers who suffer from primary infection or reactivation.  CMV can also be 

transmitted to babies by post natal blood transfusions or infected saliva and breast milk. In 

industrialized countries up to 8% of CMV seronegative mothers contract primary CMV infection 

during pregnancy, of which roughly 50% will transmit to the fetus 
(10)

. In contrast, the 

transmission rate when infection occurs prior to pregnancy is 0.5%-2% 
(11)

. Although the 

majority of infants are asymptomatic at birth, between 22-38% of infected fetuses are born with 

symptoms, which may include pneumonia, gastrointestinal, retinal, or neurological disease. 

CMV is now the most common viral cause of mental retardation, hearing deficit, and vision 

impairment of children in developed countries. Hearing loss occurs in approximately half of the 

infants with symptomatic and about 15% of infants with asymptomatic congenital CMV 

infection. Children who are asymptomatic at birth may also have mental retardation 
(12)

. Preterm 

infants are at greater risk of symptomatic CMV infection than term infants. Breast milk is the 

main source of perinatal CMV infections 
(13)

. 
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Molecular Biology of CMV- 

       The Herpesviridae are a large family of DNA viruses that cause diseases in animals, 

including humans. The word herpein (which means ‘to creep’) refers to the latent recurring 

infection which is typical to this group of viruses 
(14)

. The family Herpesviridae is divided into 

three subfamilies- alpha, beta and gamma. The alphaherpesviruses primarily target 

mucoepithelial cells and latently infect neurons. This subfamily includes herpes simplex virus 

types 1 (HSV-1) and 2 (HSV-2) and varicella zoster virus (VZV), the virus that causes 

chickenpox and shingles. The gamma group of lymphotropic herpesviruses includes Epstein-

Barr virus (EBV) and Kaposi`s sarcoma-associated herpesvirus (KSHV). Both are potentially 

oncogenic and are associated with African Burkitt`s lymphoma and Kaposi’s sarcoma, 

respectively. CMV (also called as HHV-5), along with HHV-6 and HHV-7 (which can cause 

roseola infantum), are categorized as betaherpesviruses. This subfamily primarily targets 

monocytes, lymphocytes, T-cells and epithelial cells. CMV is believed to be carried latently in 

cells of myeloid lineage (e.g., monocytes) 
(15)

. 

       Herpesviruses have large double-stranded linear DNA genomes (120- to 235-kb, encoding 

70-200 genes) within an enveloped icosohedral capsid. CMV has the largest genome among the 

herpesviruses, 235-kb in length and encoding >200 genes. The genome has a unique long (UL) 

and a unique short (US) region, bounded by inverted repeats 
(16)

. Outside the capsid is 

the tegument, a protein-filled region that appears amorphous in electron micrographs. On the 

outside of the particle is the envelope, a lipid bilayer that contains numerous glycoproteins, such 

as gB, gH, gL, gM, gN, and gO, which are involved in attachment and entry of the virus into host 

cells 
(17)

.  

http://en.wikipedia.org/wiki/Family_(biology)
http://en.wikipedia.org/wiki/DNA_virus
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       The genes of CMV are expressed in three distinct phases, designated as immediate early, 

early and late.  Expression of immediate early genes does not require the expression of other 

viral genes. Expression of early genes is dependent on the synthesis of immediate early gene 

products. Early transcripts have been mapped to all regions of the CMV genome and are often 

involved in DNA synthesis. Once the early genes have been synthesized, virus replication can 

occur and late gene synthesis ensues. The majority of late genes encode virus structural proteins 

(e.g. the capsid and tegument proteins and the envelope glycoproteins) 
(18)

. 

       Although the overall picture of CMV DNA synthesis appears typical of the herpesviruses, 

some novel features are emerging. Six herpesvirus-group-common genes encode proteins that 

likely constitute the replication fork machinery, including a two-subunit DNA polymerase, a 

helicase-primase complex and a single-stranded DNA-binding protein 
(19)

. Many herpesviruses 

encode two subunits (R1 and R2) that form a Ribonucleotide Reductase (RR), an enzyme that 

converts NTPs to dNTPs, which is important for efficient viral DNA synthesis. Unlike other 

herpesviruses, the -herpesviruses, including CMV, lack the gene for the R2 subunit and their 

R1 subunit lacks residues important for catalytic activity. Thus, the RR expressed by CMV is 

non-functional 
(20)

. Since CMV lacks a functional RR, it is predicted that CMV replication may 

be impaired by drugs that antagonize host RR.  

       CMV infects a variety of cell types including: endothelial cells, epithelial cells, smooth 

muscle cells, fibroblasts, mesenchymal cells, hepatocytes, monocytes/macrophages, and 

granulocytes 
(21)

. However, the in vitro biological properties of CMV have been studied mostly 

in fibroblasts. This can be attributed to the fact that the two commonly used laboratory-adapted 

strains of CMV, AD169 and Towne, were initially serially passaged in fibroblast cells to reach 

high titers in vitro and both suffered gross genetic mutations in the process 
(22)

. As a result of 
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laboratory-adaptation, these two viruses and others like them replicate to high titers in fibroblasts 

but poorly in other cell types such as epithelial or endothelial cells. Clinical isolates, however, 

replicate about as well in endothelial and epithelial cell cultures as in fibroblasts. Thus, it may be 

important to study drug susceptibility of CMV in other clinically relevant cell types. 

CMV Antivirals 

       Presently there are three drugs licensed for the treatment of systemic CMV infections: 

Ganciclovir (and its prodrug Valganciclovir), Foscarnet and Cidofovir. These drugs are 

beneficial in the treatment of CMV disease in adults. However, they have limitations of modest 

efficacy, dose-limiting toxicities, oral bioavailability and risk of development of resistance.  

None of these drugs is currently approved for use in treating congenital CMV infections. 

Ganciclovir- 

       Ganciclovir (GCV) is widely used in the treatment and prophylaxis of several viruses 

belonging to the herpesvirus family, including CMV, HSV, VZV and EBV. It is the first drug 

found to be effective in treating established CMV infections. It continues to be the first-line 

treatment for CMV infection in AIDS and organ transplant patients 
(23)

. GCV is a 

deoxyguanosine analog. It is converted to its mono-phosphate form by the CMV-encoded protein 

kinase pUL97, and subsequently, to its di- and tri- phosphate form by host cell kinases. GCV tri-

phosphate incorporates into viral DNA and inhibits viral DNA polymerase by competitively 

inhibiting the incorporation of dGTP into the elongating viral DNA. GCV is not an absolute 

chain terminator but it slows down the synthesis of viral DNA and thus, slows down CMV 

replication 
(24)

. Mutations in either pUL97 or the viral DNA polymerase (UL54) can confer 

resistance to GCV 
(25)

. 
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       In AIDS patients, CMV retinitis is a very common and sight-threatening infection. 

Intravenous GCV has been approved by the FDA for treating CMV retinitis in AIDS patients. 

Relapse of retinitis is controlled with ValGCV a (prodrug of GCV with a significantly higher 

oral bioavailability). Often treatment options include intraocular sustained-release GCV implants 

and intravitreal injections of GCV 
(26)

. GCV is used in combination with CMV immune globulin 

to treat CMV pneumonia associated with bone-marrow transplant 
(27)

. GCV is also used to treat 

CMV pneumonia and CMV retinitis in renal transplant patients 
(28)

. 

       GCV is associated with severe toxicity issues. It most commonly causes hematological 

toxicity (neutropenia, anemia, and thrombocytopenia). Preclinical studies show that GCV can 

cause long-term reproductive toxicity leading to aspermatogenesis. In animal studies, GCV has 

been found to be a potential carcinogen and teratogen 
(29)

. 

       Thus, despite of being the gold standard for management of CMV disease, GCV cannot be 

used in all patient populations because of the problems of toxicity and drug resistance. One 

clinical trial demonstrated that postnatal GCV therapy in symptomatic congenital CMV infection 

of the central nervous system prevented hearing deterioration. GCV is currently used to treat 

congenital CMV infections post-partum but is not the ideal treatment. GCV is not used to treat 

congenital CMV infections in utero because it is difficult to monitor neutropenia in the 

developing fetus 
(30)

 and due to the risk of gonadal toxicity, teratogenicity, and carcinogenicity 

on long-term use 
(31)

.  

Foscarnet- 

       Foscarnet (FOS) is considered as a second-line therapy for the treatment of CMV infections. 

FOS is a pyrophosphate analog. It directly and reversibly inhibits the viral DNA polymerase by 

blocking the pyrophosphate binding site on the enzyme and blocking cleavage of pyrophosphate 
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from the terminal nucleoside triphosphate added to the growing DNA chain. Unlike GCV, FOS 

does not need to be phosphorylated for antiviral activity. Mutations in the viral DNA 

polymerase, UL54, can confer resistance to FOS. Cross-resistance has been observed between 

GCV and FOS due to mutations in the UL54 pol gene. Therapy with FOS has been shown to be 

effective in the treatment of CMV infections, especially CMV retinitis, in individuals infected 

with HIV. It is a preferred drug for patients who fail GCV therapy due to viral resistance when 

the mutations are in the UL97 gene. It is also used in patients who cannot be treated with GCV 

due to dose-limiting neutropenia or leucopenia or other toxic effects. However, FOS is 

associated with renal toxicity and electrolyte imbalance. This can lead to cardiac or neurological 

disorders and in certain cases, even death. FOS is not currently approved for use in treating pre- 

or post-partum congenital CMV infections 
(32) (33)

. 

Cidofovir- 

       Cidofovir (CDV) is another antiviral used in the treatment of CMV infections. CDV is an 

acyclic nucleoside phosphonate. It is converted to its mono- and then diphosphate form 

(triphosphate equivalent) by host cell kinases. The active CDV diphosphate incorporates into 

viral DNA, competitively inhibiting addition of dCTP. Thus, CDV inhibits viral DNA 

polymerase, resulting in chain termination. Unlike GCV, CDV is not phosphorylated by pUL97 

kinase. Mutations in DNA polymerase UL54 can confer resistance to CDV. Cross-resistance has 

been observed between GCV and CDV due to mutations in the UL54 gene. CDV is used to treat 

CMV retinitis in AIDS patients. It is a useful drug for patients resistant to GCV therapy due to 

mutations in the UL97 gene. However, the major limitation of CDV is nephrotoxicity. CDV has 

found to be a carcinogen and teratogen in preclinical studies and is not approved for use during 

pregnancy 
(32) (33)

. 
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Acyclovir- 

       Acyclovir (ACV) is another antiviral agent that is attractive to use because it is considerably 

less toxic as compared to GCV, FOS and CDV. ACV is a synthetic deoxyguanosine analog. Its 

mechanism of action is similar to that of GCV. It is converted to its mono-phosphate form by 

pUL97 and subsequently to its di- and tri- phosphate form by host cell kinases. The tri-phosphate 

form (ACV-TP) is the active form of the drug. It incorporates into viral DNA, inhibiting further 

addition of nucleotides to this strand because it lacks the 3` OH. Thus, ACV inhibits viral DNA 

polymerase, resulting in chain termination. ACV has approximately 100-times greater affinity 

for viral than cellular polymerase. Specificity of ACV-TP for viral polymerases, and that ACV 

gets mono- to tri- phosphorylated in infected cells because only infected cells express UL97, 

explains the low toxicity of this drug as compared to other currently used CMV antivirals 
(33)

.  

       Among the herpesvirus family, ACV is widely used in the treatment and prophylaxis of 

HSV 1 and 2 as well as VZV infections. It is the safest drug in use for the treatment of genital 

herpes during pregnancy. A registry of over 1000 pregnant women who were treated with ACV 

during early pregnancy identified no increases in birth defects. Physicians who use ACV in 

pregnant patients for treatment of primary or recurrent HSV infections found that it not only 

treats the mother’s condition but also reduces the likelihood of transmission to the neonate 

without unduly compromising fetal safety 
(34)

. 

        ACV has limited efficacy against EBV and CMV 
(35)

. Use of ACV in the treatment of CMV 

disease in transplant patients has been studied.  In a randomized, placebo-controlled trial 

conducted to study the use of ACV for the prevention of CMV disease in recipients of renal 

allografts from cadavers, it was found that oral administration of ACV before transplantation 

reduces the rate of CMV infection and disease without affecting the survival rate of either grafts 
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or patients 
(36)

. In another study, prophylaxis with intravenous ACV was found to significantly 

reduce the risk of CMV infection and disease in seropositive patients after allogeneic bone 

marrow transplantation 
(37)

.  

       ACV is associated with relatively less toxicity issues as compared to the other CMV 

antivirals-GCV, FOS and CDV. However, ACV is a less efficient substrate for pUL97 than 

GCV, which in part explains the lower in vitro potency of ACV as compared to GCV in CMV-

infected cells. Another reason for low potency of ACV can be attributed to its short half-life. 

ACV-TP has a four- to five-fold shorter half-life as compared to GCV-TP in infected cells, 

resulting in the lower intracellular levels of the active ACV-TP 
(33)

. Thus, ACV is not much used 

to treat established CMV infections due to its low potency as compared to GCV. 

 

 

Objectives- 

       The modest antiviral activity of currently approved drugs like GCV, FOS and CDV coupled 

with dose-limiting toxicities, limits their effectiveness and often results in the development of 

resistance. Unfortunately, drugs with low toxicity such as ACV do not have sufficient activity 

against CMV to be clinically useful. Development of new antiviral therapies that have improved 

efficacy as well as reduced toxicity to allow extended courses of therapy and adequate safety for 

treating congenital CMV infections in utero and postnatally is required.  

       We therefore propose to evaluate the potential of “combination therapy” to improve the 

efficacy of current therapy and reduce problems of drug resistance. Through synergy it may be 

possible to improve the potency of the current CMV antivirals by co-administration with drugs 

that reduce intracellular nucleotide pools (Figure 1). One such class of drugs is the RR inhibitors, 
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which reduce intracellular nucleotide pools by inhibiting the conversion of ribonucleotides to 

deoxyribonucleotides. We are considering three RR inhibitors for study- Hydroxyurea (HU), 

Didox and Trimidox.  

 

Figure 1- Mechanism of action of GCV in combination with RR inhibitors on CMV 

replication 

 

Ribonucleotide Reductase Inhibitors- 

      RR is a crucial enzyme for nucleotide anabolism. It converts ribonucleotides to 

deoxyribonucleotides, the only metabolic pathway affording de novo biosynthesis of 

deoxyribonucleotides. The active site of RR consists of the active dithiol groups from the R1 

subunit as well as the diferric iron center and the tyrosyl radical from the R2 subunit. RR 

inhibitors are a class of drugs that inhibit the conversion of ribonucleotides to 

deoxyribonucleotides and thus reduce the intracellular deoxyribonucleotide pools. Since RR 

plays a key role in DNA synthesis and cell growth control, RR inhibitors have been widely used 

in clinical cancer chemotherapy and anti-viral therapy (Table 1). 
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Hydroxyurea (HU)- 

       Hydroxyurea was first synthesized in 1869 by Dresler and Stein 
(38)

. It is a drug that targets 

intracellular RR.  It quenches the tyrosyl free radical at the active site of the R2 subunit, 

inactivating the enzyme.  It acts specifically on the S-phase of the cell cycle, limiting de novo 

DNA synthesis.  The anti-tumor activity of HU is attributed to its RR inhibitory effect. HU is 

employed as a first-line treatment of myeloproliferative disorders, such as polycythemia vera, 

thrombocythemia and primary myelofibrosis. HU also plays a role in combination therapy for 

management of malignant melanoma, head and neck cancers, and brain tumors 
(39)

. There are a 

few reports of potential synergy between HU and radiation or alkylating agents for cancer 

treatment 
(40)

. 

      HU is also implicated in the treatment of sickle cell anemia. It is the only approved 

medication in the United States for the treatment of sickle cell anemia and is widely used in 

children despite an indication limited to adults 
(41)

. HU increases the level of fetal hemoglobin, 

leading to a reduction in the incidence of vaso-occlusive crises in sickle cell patients. The exact 

mechanism of action of HU in this disease is not yet clear, but studies have shown that HU 

increases nitric oxide levels, causing soluble guanylyl cyclase activation, with a resultant rise 

in cyclic GMP, and the activation of gammaglobin synthesis necessary for fetal hemoglobin 
(42)

. 

       HU has been used in the treatment of cancer, sickle cell anemia, and viral diseases for about 

four decades.  Some limitations of its use include gastrointestinal disturbances, bone marrow 

depression, oral ulcers and skin rashes. Cutaneous toxicity is rare. Discontinuation of HU usually 

leads to slow resolution of the ulcers over several months 
(43)

. 

 

 

http://en.wikipedia.org/wiki/Nitric_oxide
http://en.wikipedia.org/wiki/Guanylyl_cyclase
http://en.wikipedia.org/wiki/Cyclic_GMP
http://en.wikipedia.org/wiki/Gammaglobin
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Didox and Trimidox- 

       Didox and Trimidox are RR inhibitors developed by the Richmond-based biopharmaceutical 

company Molecules For Health, Inc. Both drugs are dihydroxy derivatives of benzohydroxamic 

acid. Didox forms iron complexes, interferes with iron metabolism and scavenges tyrosyl free 

radicals. Thus, Didox exerts its RR inhibitory effect by destabilizing the R2 subunit of RR 

through its iron chelating properties 
(44)

. Trimidox demonstrates a similar mechanism of action. 

       Didox and Trimidox are considered to be promising targets for cancer chemotherapy. In 

multiple myeloma cells, Didox was found to induce apoptosis and inhibit DNA repair. This study 

also showed that Didox, unlike other RR inhibitors that mainly target the pyrimidine metabolism 

pathway, targets both purine and pyrimidine metabolism pathways in multiple myeloma 
(45)

. In 

the treatment of malignant glioma, Didox was found to synergize the activity of BCNU, a 

standard agent in the therapy of glioblastoma multiforme 
(46)

. Didox is in Phase II trials for the 

treatment of advanced breast cancer 
(47)

. Similarly, several studies have confirmed the 

effectiveness of Trimidox in combination cancer chemotherapy. In vitro and in vivo experiments 

have shown that Trimidox potentiates the anti-tumor activity of Cisplatin and Cyclophosphamide 

in leukemia-bearing mice 
(48)

. Trimidox was also found to synergize the activity of 

Temozolomide, an alkylating agent, in malignant brain tumor cells 
(49)

. 

Antiviral activity of RR inhibitors- 

        The effect of HU on replication of Human Immunodeficiency Virus type 1 (HIV-1) has 

been investigated. HU inhibits HIV-1 replication in a dose-dependent manner. HU also 

potentiates the anti-HIV activity of several 2`,3`-dideoxynucleoside analogs, in particular, 

didanosine (ddI), a reverse transcriptase inhibitor,  through its activity of RR inhibition 
(50)

.     

HU has established benefit as a component of drug cocktails for the treatment of HIV-1 
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infection. However, the toxicity issues associated with HU limit its use only as salvage therapy 

to patients with late-stage AIDS. In a particular study the anti-retroviral effect of HU was 

compared to that of Didox and Trimidox in combination with didanosine. Didox and Trimidox 

appeared to be more effective and less myelosuppressive than HU when administered with ddI 

(51)
. Thus, Didox and Trimidox might replace HU in combination anti-HIV therapy. 

       The combined effect of HU and some anti-HSV drugs like ACV, GCV, Penciclovir, 

Lobucavir and Brivudin has also been studied. It was found that HU by itself has little effect on 

HSV but it synergizes the antiviral activity of these anti-HSV drugs. The potentiating effect of 

HU can be attributed to depletion of intracellular dNTPs, thus favoring the nucleoside 

triphosphate analogs in their competition with the cellular dNTPs at the viral DNA polymerase 

(52)
.  

       In vitro studies have also shown that HU inhibits murine CMV (MCMV) replication and 

DNA synthesis 
(53)

. Recently, the effect of Didox on the pathogenicity of and host responses to 

MCMV infection was investigated. In vitro experiments suggested that Didox had moderate 

antiviral activity against MCMV. In vivo Didox administration did not decrease viral load in 

livers and spleen of MCMV-infected mice, and unexpectedly in vivo prophylactic Didox 

treatment had adverse effects of increased inflammatory cytokine transcription in liver and 

suppressed CD8
+
 T-cells 

(54)
. 

       Although Didox lacked beneficial efficacy when used alone against MCMV, it has not been 

evaluated for activity against human CMV or in combination with anti-CMV drugs. Previous 

data strongly suggest that RR inhibitors potentiate the activity of anti-HIV and anti-HSV drugs. 

We therefore sought to evaluate the potential for synergy between RR inhibitors and nucleoside 

analog inhibitors of CMV. 
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Table 1- Ribonucleotide Reductase Inhibitors 

Drug Mechanism of 

action 

General Uses Use in antiviral 

therapy 

Toxicity 

HU 

 

-inhibits RR 

-increases fetal 

hemoglobin 

-treatment of 

cancer 

-treatment of 

sickle cell anemia 

 

-potentiates anti-

HIV activity of ddI 

and other 

dideoxynucleoside 

analogs 

-synergizes HSV 

antivirals (GCV, 

ACV, etc.) 

-gastrointestinal 

disturbances 

-bone marrow 

depression 

-oral ulcers 

-skin rashes 

Didox 

 

- inhibits RR 

through iron 

chelation 

-treatment of 

multiple myeloma 

-in phase II trials 

for treatment of 

breast cancer 

 

 

- advantageous 

over HU when 

administered with 

ddI in HIV therapy 

- moderate 

antiviral activity 

against MCMV 

but lacked efficacy 

in vivo 

-myelosuppressive 

- increases 

inflammatory 

cytokines 

- suppresses CD8
+
 

T-cells 

Trimidox 

 

- inhibits RR 

through iron 

chelation 

- potentiates the 

anti-tumor activity 

of Cisplatin and 

Cyclophosphamide 

-synergizes the 

activity of 

Temozolomide  

advantageous over 

HU when 

administered with 

ddI in HIV therapy 

- myelosuppressive 
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MATERIALS AND METHODS 
 

Cells- 

Fetal lung fibroblast MRC-5 cells (ATCC CCL-171) and retinal pigment epithelium ARPE-19 

cells (ATCC CRL-2302) were obtained from ATCC. MRC-5 cells were propagated in modified 

Eagle medium (Gibco-BRL) supplemented with 10% fetal calf serum (HyClone Laboratories), 

10,000 IU/L penicillin, 10 mg/L streptomycin (Gibco-BRL) (MEM). ARPE-19 cells were 

propagated in high glucose Dulbecco`s modified Eagle medium (Gibco-BRL) supplemented with 

10% fetal calf serum (HyClone Laboratories), 10,000 IU/L penicillin, 10 mg/L streptomycin 

(Gibco-BRL) (DMEM). All cell cultures were maintained at 37
°
C in a 5% CO2 atmosphere. 

Viruses- 

CMV strain BADrUL131-Y4 was derived from a BAC clone of the CMV strain AD169 genome 

that had been modified in E.coli by Wang and Shenk to contain a GFP reporter cassette for 

efficient detection and quantification of viral infection 
(55)

. Subsequently the UL131 mutation 

was repaired to express a functional UL131 protein that allows efficient entry and replication in 

both MRC-5 and ARPE-19 cells 
(56)

. Strain RC2626 is a Towne strain CMV. A luciferase 

expression cassette was introduced into the US2-US6 region to create recombinant virus RC2626 

(57)
. Due to mutation in UL130, RC2626 can replicate efficiently in fibroblasts but not in 

epithelial cells. Viral titers of were determined by limiting-dilution in 96-well plates using MRC-

5s. Stocks were stored at -80°C. 
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Drugs- 

GCV and ACV were purchased from InvivoGen and Sigma respectively. HU was obtained from 

Sigma. Didox and Trimidox were a gift from Howard Elford (Molecules for Health Inc., 

Richmond, VA). All drugs were solubilized in water to produce stock solutions.  

GFP-based assay for susceptibility of CMV to individual drugs- 

Clear-walled, clear/flat-bottomed 96-well plates containing confluent monolayers of MRC-5 or 

ARPE-19 cells were infected with BADrUL131-Y4 (MOI=0.015) and incubated for 1 h. Twelve 

two-fold serial dilutions of the drugs (GCV, ACV, HU, Didox and Trimidox) were prepared in 

200 l MEM in triplicate in a 96-well format. These drug dilutions were transferred to infected 

cells to produce final drug concentrations as follows- 0.06 to 62.5 M GCV, 0.4 to 467.5 M 

ACV, 9.7 to 10000 M HU, 0.97 to 1000 M Didox and Trimidox. Triplicates of no-drug 

controls and no-virus controls were included on each plate. After incubation for 14 days, 

fluorescence from the cultures was measured as relative fluorescence units (RFU) using Biotek 

Synergy HT Multimode Microplate Reader. Each experiment was performed three times for each 

drug. For comparability between experiments, data from each experiment were normalized by 

converting RFU to “percent maximum RFU” for that experiment. Best-fit four-parameter curves 

were fitted to the data (fluorescence measured at different drug concentrations) using Prism 

Software (Graph Pad, Inc.). Fifty-percent inhibitory concentrations (IC50) (drug concentrations at 

which fluorescence was reduced by half) were determined as the inflection points of the four-

parameter curves. 
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Luciferase reporter gene assay for susceptibility of CMV to individual drugs- 

Clear -walled, clear/flat-bottomed 96-well plates containing confluent monolayers of MRC-5 

fibroblast cells were infected with RC2626 (MOI=0.03) and incubated for 1 h. Twelve two-fold 

serial dilutions of the drugs (GCV, ACV, HU, Didox and Trimidox) were prepared in 200 l 

MEM in triplicate in a 96-well format. These drug dilutions were transferred to infected cells to 

produce final drug concentrations as follows- 0.06 to 62.5 M GCV, 0.4 to 467.5 M ACV, 9.7 

to 10000 M HU, 0.97 to 1000 M Didox and Trimidox. Triplicates of no-drug controls and no-

virus controls were included on each plate. After incubation for 5 days, 50 l supernatants were 

transferred to a black-walled, clear/flat-bottomed 96-well plate containing confluent MRC-5 

monolayers. After 24, 100 l Steady-Glo luciferase assay reagent (Promega) was added and the 

luciferase activity was measured in relative light units (RLU) using Biotek Synergy HT 

Multimode Microplate Reader. For comparability between experiments, means of data from 

three independent experiments were normalized by converting RLU to “percent maximum RLU” 

for each experiment. Best-fit four-parameter curves were fitted to the data. IC50 were determined 

as above. Each experiment was performed at least three times for each drug. 

Analysis of the effect of drug combinations on CMV replication- 

Drug-drug combination analyses for GCV and RR inhibitors (HU, Didox or Trimidox) were 

performed using the luciferase reporter gene assay described above. The experimental design 

utilized a checkerboard dilution matrix consisting of all possible combinations of two-fold 

serial dilutions of the two drugs and the drugs used individually. The RR inhibitor 

(HU/Didox/Trimidox) was serially diluted along the ordinate, while GCV was diluted along the 

abscissa. The concentration of GCV ranged from 0 to 8 M and that of the RR inhibitors ranged 
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from 0 to 600 M for HU, 0 to 250 M for Didox, and 0 to 150 M for Trimidox. The drug 

combinations were analyzed for synergy/antagonism using MacSynergy II software 
(58)

.  

Toxicity Assay- 

Black-walled, clear/flat-bottomed 96-well plates containing confluent monolayers of MRC-5 

fibroblast cells were incubated with twelve two-fold serial dilutions of the drugs (GCV, ACV, 

HU, Didox and Trimidox) or with drug combinations (GCV + HU/Didox/Trimidox in a 

checkerboard format as above) in 200 l MEM in triplicate. Triplicates of no-drug controls and 

no-cell controls were included on each plate. After incubation for 5 days, 100 l of supernatants 

were removed and 100 l CellTiter-Glo assay reagent (Promega) was added to each well. 

Luminescence was measured as above. Each experiment was performed in duplicate for 

individual drugs and in triplicate for each drug combination. Best-fit four-parameter curves were 

fitted to the data (luciferase activities measured at different drug concentrations) using Prism 

Software and used to calculate 50% toxic dose (TD50) values (amount of drug required to reduce 

luciferase activity by 50%). 
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RESULTS 

 

 

 

GFP-based assay for susceptibility of CMV to individual drugs- 

       The GFP-based assay was used to determine susceptibilities of CMV to GCV, ACV, HU, 

Didox, and Trimidox in MRC-5 and ARPE-19 cells. Confluent monolayers of MRC-5 or ARPE-

19 cells were infected with GFP-tagged CMV BADrUL131-Y4 (MOI=0.015) and incubated 

with twelve two-fold serial dilutions of the drugs (GCV, ACV, HU, Didox and Trimidox) 

prepared in triplicate in a 96-well format. After incubation for 14 days, GFP signal from the 

cultures was determined as a measure of viral spread (surrogate for viral plaque formation). Best-

fit four-parameter curves were fitted to the data using Prism Software and used to calculate IC50 

values for each drug.  

       Figure 2 shows dose response curves from triplicate data for each drug. From these curves 

the IC50s for each drug were determined. The results are summarized in Table 2. IC50s for 

antivirals GCV and ACV in MRC-5 cells were calculated as 0.5 M and 24 M, respectively, 

and in ARPE-19 cells as 1.56 M and 66 M, respectively. These results suggest that GCV has 

more efficacy than ACV against CMV, as can be seen by its much lower IC50 than ACV. The 

IC50s for RR inhibitors HU, Didox and Trimidox against CMV in MRC-5 cells were found to be 

171 M, 82 M, and 43 M respectively. This suggests that in MRC-5 the potency of these RR 

inhibitors against CMV are in the order Trimidox > Didox > HU. However, in ARPE-19 cells, 

the IC50s of these drugs were not found to be much different. The IC50s for HU, Didox and 

Trimidox in ARPE-19 cells were found to be 131 M, 180 M, and 125 M respectively.  
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       These studies were conducted in two different cell types because of concerns that antiviral 

activities could vary significantly between cell types. This was a particular concern for RR 

inhibitors because they target host reductase, which could be expressed to a greater or lesser 

extent in different cell types. However, we observed only a two- to three- fold difference in the 

IC50s of the drugs in MRC-5 vs. ARPE-19 cells. Based on these results, subsequent synergy 

studies were conducted in only one cell type (MRC-5 cells). 
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Fig 2- CMV inhibition by antivirals and RR inhibitors in two different cell types 

(fibroblasts and epithelial cells). Confluent MRC-5 or ARPE-19 cultures in 96-well plates were 

infected with BADrUL131-Y4 (MOI = 0.015) and incubated in the presence of different 

concentrations of the indicated drugs for 14 days. Fluorescence in the cultures was determined as 

a measure of virus replication and spread in each well. Best-fit four parameter curves were fitted 

to the data and used to calculate IC50 values for each drug. Each data point represents the means 

of three independent experiments.  

 

 

 

 

MRC-5 ARPE-19 

(a) 

MRC-5 ARPE-19 

(b) 
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                 Table 2- IC50s measured by GFP-based assay in two cell types. 

 

Drug IC50 (M) 

MRC-5 cells 

IC50 (M) 

ARPE-19 cells 

GCV 0.5 1.56 

ACV 24 66 

HU 171 131 

Didox 82 180 

Trimidox 43 127 

 

 

Developing the Luciferase Reporter Gene Assay- 

       Yield reduction reflects the ability of antiviral agents to inhibit production of infectious 

virus. It is a powerful technique for evaluating the efficacy of potential antiviral compounds. It is 

a stringent measure of the process of virus replication, and hence drug activity. The capacity of 

drugs to reduce virus titer by several orders of magnitude in vitro correlates well with in vivo 

drug efficacy. Yield reduction permits the determination of antiviral activity over a wide 

dynamic range of 0-10
6 

pfu/ml as compared to the GFP-based assay which showed a dynamic 

range of at most 2 logs. Thus, yield reduction may be more suitable than the GFP-based assay for 

detecting moderate synergistic effects of drug combinations. 

      However, the major disadvantage of yield reduction assay is that it is time consuming and 

laborious to titrate infectious virus in triplicate 96-well plates, as needed for synergy studies. In 

an attempt to reduce the assay time and to produce quantitative results comparable to infectious 

virus yield, we developed a luciferase-based assay to quantitate viral yield.  
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Growth Characteristics of RC2626 

       The first aim was to determine whether luminescence can be utilized as a surrogate marker 

for viral yield so as to use luciferase activity as a read out in viral yield reduction assay. Black-

walled, clear/flat-bottomed 96-well plates containing confluent monolayers of MRC-5 fibroblast 

cells were infected with 3-fold serial dilutions of a stock of known titer of RC2626. The 

inoculums ranged from 0.1-10
4 

pfu/well. The cultures were incubated and luciferase activity in 

the cells was measured every 24 h post infection (p.i.) for seven days using the Steady-Glo 

Luciferase Assay System. 

              Figure 3a shows curves obtained by plotting luciferase activity as a function of time 

after infection with four different MOIs of RC2626 (0.03, 0.1, 0.3, 1). Peak levels were reached 

about five days p.i but were similar on day three and later regardless of MOI. Luciferase activity 

was only MOI-dependent at 24 and 48 h.p.i. Figure 3b shows the relationship between infectious 

units added per well and luciferase activity measured 24 and 48 h later. A linear relationship was 

observed between infectious units of virus and luciferase activity. However, because the 24 h 

data gave a more linear relationship over a broader dynamic range (10
1
 to 10

4
 pfu/well), 

subsequent assays using luciferase activity as a surrogate for infectious units in culture 

supernatants (i.e., virus yield) were conducted 24 h.p.i. 

       These results suggest that the luciferase reporter assay can be used as a marker for viral yield 

within this range. Moreover, this method allows measurement over a very wide dynamic range of 

>3 logs. It is time and labor saving as compared to measuring infectious yield by virus titration. 

This assay can enable accurate quantification of small changes in the luciferase activity (virus 

yield) with the addition of varying amounts of anti-CMV agents. 
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Fig 3- (a) Luciferase expression after infection with RC2626. Cells were infected with RC2626 

at a range of MOIs and luciferase expression was determined in cell-lysates at the indicated 

times after infection. For simplicity only four MOIs are shown. (b) Luciferase data collected 24 

and 48 h.p.i are plotted vs. the full set of MOIs used (converted to pfu/well).  
 

Optimizing the luciferase reporter gene assay 

      The assay was further optimized to work within its linear range (10
1
-10

4
 pfu/well or 10

2
-10

5
 

RLU as determined in figure 3) such that changes in the viral titer are reflected by changes in 

luciferase activity. To optimize the protocol an experiment was designed to determine 

susceptibility of RC2626 to HU. Fibroblast cultures in a 96-well plate were infected with 

RC2626 (MOI=0.03) and incubated in the presence of different concentrations of HU for five 

days. On the fifth day three different volumes of the culture supernatants (10 l, 50 l, and 100 

l) were transferred to fresh MRC-5 cells and the resulting luciferase activities were measured 

24 hours p.i. (Figure 4). Based on results in Figure 3, to be in the linear response range the peak 

luciferase activity should be below 10
5
 RLU. Thus, the 10 and 50 l supernatant transfers were 

below this threshold, while 100 l transfer was potentially out of the linear range. This 

conclusion was supported by the IC50 values calculated from each data set. 
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Fig 4- Dose response curves for HU inhibition of viral yield in fibroblast cells. Confluent 

MRC-5 cultures in 96-well plates were infected with RC2626 (MOI 0.03) and incubated in the 

presence of different concentrations HU for five days. Three different volumes (10 l, 50 l, and 

100 l) of the day five culture supernatants were transferred to a fresh plate of confluent MRC-5 

cells and incubated for 24 h. IC50s were calculated from the luciferase activities in the cells 

measured 24 hours p.i. 

 

That the IC50 for HU shifted from 350 M for data obtained by transfer of 100 l supernatant to 

277 M and 282 M for 50 l and 10 l transfers, respectively, suggests that the 100 l transfer 

may have exceeded the upper limit of the linear range, thus requiring higher HU concentrations 

to reduce virus titer into the linear range and artificially elevating the apparent IC50. That no 

difference was observed between IC50s from 50 and 10 l transfers suggests that these data sets 

were within the linear range and provided accurate measurement of the IC50. Thus, subsequent 

experiments used 50 l supernatant transfers for measurement of viral yield as this provided a 

wider dynamic range of signal than 10 l and yet remained within the linear range. 
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Luciferase reporter gene assay for susceptibility of CMV to individual drugs- 

       The luciferase reporter assay described above was used to determine susceptibilities of 

RC2626 to GCV, ACV, HU, Didox, and Trimidox. Each IC50 determination was conducted using 

triplicate cultures and for each drug IC50 values were determined from three independent 

experiments. Table 3 shows the results of each independent IC50 determination, their means and 

standard deviations. Figure 5 shows the dose response curves for combined data from three 

independent experiments for each drug. To improve comparability between experiments, RLU 

were normalized as “percent maximum RLU” for each experiment before being averaged 

between experiments. IC50s for antivirals GCV and ACV were calculated as 0.6 M and 24 M 

respectively. This confirms that ACV has limited efficacy against CMV as compared to GCV. 

The IC50s for RR inhibitors HU, Didox and Trimidox against CMV were found to be 221 M, 

103 M, and 36 M, respectively. This suggests that Trimidox is more potent than Didox which 

in turn is more potent than HU. 
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Fig 5- CMV inhibition by antivirals and RR inhibitors. Confluent MRC-5 cultures in 96-well 

plates were infected with RC2626 (MOI = 0.03) and incubated in the presence of different 

concentrations of the indicated drugs for five days. 50 µl of day-five culture supernatants were 

transferred to fresh confluent MRC-5 cultures.  After 24 h luciferase activities were determined. 

Data from three independent experiments were normalized by converting RLU to “percent 

maximum RLU” for each experiment then averaged. Best-fit four-parameter curves were fitted 

to the data and used to calculate IC50 values for each drug. 
 

 

                    Table 3- Yield Reduction IC50 values of individual drugs determined by 

                    luciferase reporter assay 

Drug IC50 (M)
*
 Mean 

IC50 

(M) 

Standard 

Deviation 

Toxicity 

IC50 

(M) 

 

GCV 

0.6 

0.634 

0.716 

 

0.6 

 

0.06 

 

ND 

 

ACV 

25.99 

20.59 

25.92 

 

24 

 

3.1 

 

ND 

 

HU 

      277 

210.7 

176 

 

221 

 

52 

 

14500 

 

Didox 

120 

107 

82 

 

103 

 

19.31 

 

256 

 

Trimidox 

34.73 

38.13 

36.28 

 

36 

 

1.718 

 

166 

                     
*
results of three independent experiments, ND-not determined 

(a) (b) 
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Analysis of the effect of drug combinations on CMV replication- 

       Synergy is the interaction of two or more agents or forces so that their combined effect is 

greater than the sum of their individual effects. Therapeutic synergy is when the inhibitory effect 

of two drugs is greater than the sum of their individual inhibitory effects.  The eagerness for 

using drug combinations to achieve synergy is tempered by concerns that the therapeutic synergy 

of a combination may be accompanied by synergistic toxicity.  

       Confluent MRC-5 cultures in 96-well plates were infected with RC2626 (MOI = 0.03). The 

experimental design utilized a checkerboard dilution matrix of all permutations of two-fold serial 

dilutions of each of the drugs, including the drugs used individually. The RR inhibitor 

(HU/Didox/Trimidox) was serially diluted along the ordinate, while GCV was diluted along the 

abscissa. 50 µl of day-five culture supernatants were transferred to fresh confluent MRC-5 

cultures.  After 24 h luciferase activities were determined as a measure of infectious virus in the 

transferred supernatants. Each experiment was performed three times. 

       Synergy between GCV and RR inhibitors was evaluated using MacSynergy II software 
(58)

. 

MacSynergy II uses luciferase values to calculate % inhibitions for the two drugs when used 

alone. A theoretical additive value for each drug combination is calculated based on the values 

generated by the drugs alone. The theoretical additive values are subtracted from the observed 

experimental values generated by each drug combination to give a value of synergy (positive 

value) or antagonism (negative value). These synergy and/or antagonism values are plotted on a 

three-dimensional graph with their corresponding drug combinations. Areas of the graph below 

zero indicate antagonism, whereas areas above zero indicate synergy. If the interactions are 

additive, the surface appears as a horizontal plane at 0% above the calculated additive surface in 

the resulting difference plots.  
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       Figure 6a shows synergistic inhibition of CMV replication by a combination of GCV and 

HU. Sixty different concentration combinations of GCV+HU were analyzed for their activity 

against CMV. The combination of 75 M HU + 0.5 M GCV exhibited maximum synergy 

wherein the observed inhibitory effect of the combination was found to be ~50% greater than the 

predicted additive inhibition of the two drugs. Considerable synergy (30-40 %) was observed at 

very low doses of GCV (0.03, 0.06, 0.125, 0.25 M) in combination with low doses of HU (37.5 

and 75 M). This suggests that addition of small amounts of HU (concentrations less than the 

IC50 of HU, which is 221 M) can increase the effectiveness of GCV against CMV. 

       Similarly, combination of GCV and Didox also exhibited synergy (Figure 6b). Between 5-

30% synergy was observed at concentrations of GCV ranging from 0.03-2 M and 

concentrations of Didox ranging from 15-60 M. These concentrations of Didox which are 

synergistic with GCV are less than the IC50 of Didox (103 M).  

       Likewise, combinations of GCV and Trimidox were also tested for their ability to inhibit 

CMV replication using the luciferase reporter gene assay and the results were analyzed using 

MacSynergy II. Concentrations of Trimidox ranged from 0-150 M. About 20% synergy was 

observed at concentrations of GCV ranging from 0.03-0.5 M and concentrations of Trimidox 

ranging from 9-36 M. Combination of GCV with Trimidox appears to be less synergistic as 

compared to HU and Didox (Figure not shown).  
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Fig 6- Synergistic inhibition of CMV replication by GCV + HU/Didox. A checkerboard assay 

of GCV and HU/Didox combinations was evaluated for CMV yield reduction using the 

luciferase reporter gene assay. Synergistic effects (Z axis) for all drug combinations were 

calculated as % inhibition (observed) - % inhibition (predicted additive). 

 

 

 

(a) 

(b) 
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Toxicity Assay- 

       Toxicities for each RR inhibitor (HU, Didox, Trimidox) and drug combinations (GCV + 

HU/Didox/Trimidox) were determined using the CellTiter-Glo Assay (Promega). The CellTiter-

Glo reagent consists of a stable form of luciferase derived from the gene from firefly Photuris 

pennsylvanica. The reagent causes cell lysis and results in generation of a luminescent signal on 

reaction between luciferin and ATP released from the cells. The luminescence signal is 

proportional to the amount of ATP present in the cells and that in turn is proportional to the 

number of viable cells present in the culture.  

       MRC-5 fibroblast cells were incubated with twelve two-fold serial dilutions of the drugs 

(GCV, ACV, HU, Didox and Trimidox) in a 96-well format. After incubation for 5 days, 100 l 

supernatants were discarded and 100 l CellTiter-Glo assay reagent was added to each well and 

luminescence was measured. Each experiment was performed in duplicate. Best-fit four-

parameter curves were fitted to the data (luciferase activities measured at different drug 

concentrations) using Prism Software. 

       Figure 7 shows TD50 values for each drug calculated from toxicity assays performed in 

duplicate. From these curves, the TD50s for RR inhibitors HU, Didox and Trimidox were 

calculated as 14500 M, 256 M and 166 M, respectively (Table 3). This suggests that HU 

might be considerably less toxic as compared to Didox and Trimidox. These results also suggest 

that the anti-CMV activities of these drugs are not due to non-specific toxicities since the CMV 

inhibitory IC50s of these drugs are much lower than their TD50s. Also, HU, Didox and Trimidox 

exhibit some toxicity at 600 M, 250 M and 150 M, respectively, but each are non-toxic at 

concentrations which show synergy with GCV.  
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Fig 7- Toxicity of RR inhibitors. Confluent MRC-5 cultures in 96-well plates were incubated in 

the presence of different concentrations of the indicated drugs for five days. Cell viability was 

measured using CellTiter-Glo reagent. Best-fit four-parameter curves were fitted to the data and 

used to calculate TD50 values for each drug. 

 

       The three drug combinations (GCV + HU/Didox/Trimidox) were also evaluated for 

synergistic toxicity. The results are shown in Figure 8. Our results suggest that GCV is non-toxic 

at the concentrations used in these experiments. Combinations of GCV + HU exhibit very low 

toxicity (< 10%) at concentrations which are synergistic against CMV replication (i.e., 37.5 and 

75 M HU). Toxicities of 10-21 % were observed for drug combinations using more than 75 M 

HU (Figure 8a). GCV + Didox exhibited toxicity (60%) only at high doses of Didox (250 M). 

No toxicity was observed at Didox concentrations which exhibited synergy (15-60 M) (Figure 

8b). Similarly, combinations of GCV + Trimidox were less toxic at Trimidox concentrations 

which exhibited synergy (9-36 M) (Figure 8c). Significant toxicity was observed for 

combinations involving greater than 36 M Trimidox.  
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Fig 8- Toxicity of drug combinations. A checkerboard assay of GCV and HU/Didox/Trimidox 

combinations was evaluated for toxicity. Total toxicity (Z axis) for all drug combinations was 

calculated as % cell growth inhibition of no-drug controls. 

(a) 

(b) 

(c) 
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DISCUSSION 

 

 

 

       Plaque reduction assay is one of the basic approaches used to assay antivirals. Plaque 

reduction assays use a constant number of viral particles and vary the concentration of test 

substance. Antiviral activity is assessed as the reduction in the number of viral plaques in a cell 

monolayer. This assay most commonly involves infection with virus followed by counting of 

viral plaques (foci) as a measure of viral replication. Traditionally plaques are identified by 

cytopathic effect (CPE), but CPE can be difficult to read in some cell types, as is the case for 

ARPE-19 cells. Methods to identify infected cells, such as antibody staining or the use of GFP-

tagged viruses can facilitate plaque counting under these circumstances. However, the major 

disadvantage of this assay is that it is difficult to count as many as 50-100 plaques per well with 

consistent accuracy and counting plaques is labor intensive. Determination of plaques in cell 

types that result in distinct plaque morphologies can also be subjective and biased. Thus, we 

hoped that quantification of GFP fluorescence might be a more objective and comparable means 

of measuring viral spread in different cell types. 

       Yield reduction assay is another basic approach used to assay antivirals. It reflects the ability 

of antiviral agents to inhibit production of infectious virus rather than formation of a plaque. It is 

a powerful technique for evaluating the efficacy of potential antiviral compounds. It is a more 

stringent measure of the process of virus replication, and hence drug activity, as compared to the 

plaque reduction assay. The capacity of drugs to reduce virus titer by several orders of magnitude 

in vitro correlates well with in vivo drug efficacy. Compared to plaque reduction, yield reduction 
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permits the determination of antiviral activity over a much wider dynamic range (for CMV, 0-

10
6 

pfu/ml). This allows the measurement of more profound drug effects that by plaque assay 

might be too subtle to detect. However, titration of the virus to determine yield is very labor 

intensive and may not be practical for synergy studies. In an attempt to reduce the assay time and 

to produce quantitative results comparable to measuring infectious units by titration, we 

developed a luciferase-based assay to quantitate viral yield. 

       In vitro drug susceptibility studies of CMV have almost exclusively been conducted in 

fibroblast cell culture. However, CMV infects a variety of other cell types including: endothelial 

cells, epithelial cells, smooth muscle cells, mesenchymal cells, hepatocytes, 

monocytes/macrophages, and granulocytes. Thus, it might be necessary to study drug 

susceptibility of CMV in several clinically relevant cell types. Indeed, recent studies from our 

group found that the investigational anti-CMV drug Maribavir is active in fibroblasts but has no 

anti-CMV activity in ARPE-19 epithelial cells (Meza and McVoy, unpublished data). In our 

GFP-based assay, the cell types chosen were based on standard – MRC-5 fibroblasts (a regular 

means for the study of CMV infection in vitro) and clinical relevance – ARPE-19 retinal pigment 

epithelium cells (relevant in vivo in CMV retinitis). GFP-expressing CMV strain BADrUL131-

Y4 was used in this assay because of its ability to efficiently enter and replicate in both MRC-5 

and ARPE-19 cells. Susceptibility of BADrUL131-Y4 to antivirals (GCV, ACV) and RR 

inhibitors (HU, Didox, Trimidox) was tested using the GFP-based spread assay in the two 

different cell types- fibroblast and epithelial cells. For the luciferase reporter gene assay (yield 

assay), luciferase-expressing CMV strain RC2626 was used. Due to a mutation in UL130, 

RC2626 can replicate efficiently in fibroblasts but not in epithelial cells. Thus, susceptibility of 

RC2626 to each drug was tested using this assay in MRC-5 cells only. 
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       Our results from the GFP-based assay (fibroblasts and epithelial cells) as well as luciferase 

assay indicate that GCV has much lower IC50s than ACV (0.6 vs. 24 M in fibroblasts and 1.5 

vs. 66 M in epithelial cells). This confirms earlier reports that GCV is more potent than ACV 

against CMV (literature reported IC50s for GCV = 0.5-8 M and ACV = 64-273 M). Although 

in general IC50s were up to two-fold lower in fibroblasts vs. epithelial cells, that these differences 

were neither large nor statistically significant led us to conclude that for the compounds tested, 

cell type (fibroblast vs. epithelial cells) does not have a significant impact on antiviral activity. 

       In vitro studies have also shown that HU inhibits murine CMV (MCMV) 
(53)

. HU has also 

been reported to inhibit human CMV in vitro and although an IC50 was not determined, 

cytopathic effect endpoint titration numbers reported suggest an IC50 of about 100 M 
(59)

. In 

vitro experiments found that Didox has moderate antiviral activity against MCMV (IC50=10-25 

M). However, these RR inhibitors have not yet been extensively studied for their activity 

against human CMV. Our results suggest that HU, Didox, and Trimidox have anti-CMV activity 

when used alone. When tested in MRC-5 cells using the GFP-based assay and luciferase assay, 

the potency of RR inhibitors against CMV was found to be in the order Trimidox > Didox > HU. 

We might have expected a cell type-dependence for RR inhibitors since the expression levels of 

RR can vary with cell type. However, our results indicate that the anti-CMV activities of HU, 

Didox, and Trimidox in vitro were only two- to three-fold different in MRC-5 vs. ARPE-19 cells 

(Table 1). Since each of the drugs was found to have similar efficacy in both cell types, 

performing drug susceptibility assays and synergy studies in MRC-5 cells only is justified. 

However, the use of multiple, clinically relevant cell types to test the efficacy of antiviral drugs 

would be optimum to reinforce our observations. 
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       In a study conducted to evaluate the potential of HU to cause adverse effects on reproduction 

and development in humans, the peak plasma achievable non-toxic concentrations of HU were 

found to be 20-50 mg/L (264-660 M) 
(60)

. Since the plasma achievable concentration of HU is 

greater than our measured IC50 (~200 M), HU might have potential use as an anti-CMV drug in 

vivo. This also suggests that doses used for combination therapy, which are likely to target levels 

of HU below its IC50 should be achievable and non-toxic. Thus, the effects of HU on CMV 

replication in vivo need to be investigated. Recently, the effect of Didox on the pathogenicity of 

and host responses to MCMV infection was investigated. In vitro experiments suggested that 

Didox had moderate antiviral activity against MCMV (IC50=10-25 M). However, in vivo Didox 

administration did not decrease viral load in livers and spleen of MCMV-infected mice, and 

paradoxically in vivo prophylactic Didox treatment had adverse effects of increased 

inflammatory cytokine transcription in liver and suppressed CD8
+
 T-cells. Although Didox was 

not found to be effective on its own against MCMV, its activity needs to be further investigated 

as part of anti-CMV drug combinations.  

       Combinations of GCV + RR inhibitors were tested for their efficacy against CMV using the 

luciferase reporter assay. Considerable synergy (30-40 %) was observed at very low doses of 

GCV (0.03, 0.06, 0.125, 0.25 M) in combination with low doses of HU (37.5 and 75 M). This 

indicates that addition of HU at concentrations considerably below its IC50 increases 

the effectiveness of GCV against CMV. Combinations of GCV + Didox/Trimidox were also 

found to be synergistic in inhibition of CMV replication.  

       Thus, using a combination of GCV + RR inhibitors to treat CMV infections could allow a 

decrease in the GCV dose and hence alleviate problems such as dose-limiting toxicity and 

development of drug-resistance. The synergy plots will assist in determining the drug 
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combinations that exhibit optimal synergy in vitro so that such combinations can be further 

tested in animal models.  

       Toxicities for RR inhibitors (HU, Didox, Trimidox) and drug combinations (GCV + 

HU/Didox/Trimidox) indicate that HU might be considerably less toxic as compared to Didox 

and Trimidox (Table 3). The  results further suggest that the anti-CMV activity of these drugs are 

not due to non-specific toxicities since the CMV inhibitory IC50s of these drugs are much lower 

than their TD50s. Moreover, while HU, Didox and Trimidox exhibit some toxicity at high 

concentrations, each is non-toxic at concentrations which show synergy with GCV. The three 

drug combinations (GCV + HU/Didox/Trimidox) were also evaluated for synergistic toxicity. 

Our results suggest that GCV is non-toxic at the concentrations used in these experiments. 

Combinations of GCV + HU exhibit very low toxicity at concentrations which are synergistic 

against CMV replication. GCV + Didox exhibited toxicity (up to 60%) only at high doses of 

Didox (250 M) but again, GCV did not impact toxicity- it was mostly due to Didox alone. No 

toxicity was observed at Didox concentrations which exhibited synergy. Similarly, combinations 

of GCV + Trimidox were less toxic at Trimidox concentrations which exhibited synergy. Of the 

three drug combinations, GCV + HU exhibited the lowest toxicity. This observation is in 

accordance with our individual drug toxicity results which indicate that the TD50 for HU is much 

greater than Didox and Trimidox. 

       Since GCV + HU exhibits maximum synergy with minimal toxicity, it might be the best 

candidate for further animal studies. Our results suggest that a combination of 0.25 M GCV + 

37.5 M exhibits optimal synergy and therefore should be considered for in vivo studies. A 

major drawback of animal studies is that CMVs are extremely species-specific and do not infect 

species other than their natural hosts. Nevertheless animal studies are essential for pre-clinical 
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drug development. A considerable amount of CMV immunology has been deduced from mouse 

models. However, MCMV is not very sensitive to GCV and thus might not be a very useful 

model. Guinea pig CMV (GPCMV) is the only small animal model for congenital infections. 

Susceptibility of GPCMV to GCV has been improved by inserting the HCMV UL97 gene into 

the GPCMV genome in place of the homolog, GP97 (IC50 of GCV= 174 M in wild-type 

GPCV vs. 15 M in GPCV::UL97) 
(61)

. This might be a good animal model for testing GCV + 

HU. Rhesus CMV (RhCMV) is found to infect the fetus with similar sequelae to human CMV 

but transmission during pregnancy has not been demonstrated. Disadvantages of this model 

include increased cost of the animals and limited availability of seronegative animals. Thus, the 

rhesus model could be utilized but only on a limited scale.  

       Our data suggests that RR inhibitors may be useful in combination with GCV. HU may be a 

preferred candidate due to strong synergy with GCV, low toxicity, and clinical history. As a 

potential candidate for use for treatment of CMV infections in humans, HU has the advantage of 

being a licensed drug for sickle cell anemia and cancer treatment. Therefore, HU could be used 

with GCV in compassionate use situations. However, large scale clinical trial comparing GCV to 

GCV + HU would be needed to determine clinical benefit of combination therapy. 

 

 

 

 

 

 

 

 



 
 

41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LITERATURE CITED 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

42 
 

  

 

 

LITERATURE CITED 

 

 

 

1. Cannon MJ, Schmid DS, Hyde TB. 2010. Review of cytomegalovirus seroprevalence and 

demographic characteristics associated with infection. Rev. Med. Virol. 20(4):202–213. 

2. Peter A, Telkes G, Varga M, Jaray J. 2008. Gastrointestinal cytomegalovirus infections in 

organ transplant patients. Orv Hetil. 149(52):2463-70. 

3. Kotton CN. 2010. The management of cytomegalovirus infection in solid organ 

transplantation. Nat Rev Nephrol. 6(12):711-21. 

4. Irene G. Sia and Robin Patel. 2000.
 
New Strategies for Prevention and Therapy of 

Cytomegalovirus Infection and Disease in Solid-Organ Transplant Recipients. Clin 

Microbiol Rev. 13(1):83–121. 

5. Mariagabriela Alterio de Goss,
 

Rafaela Holtappels, Hans-Peter Steffens, Jürgen 

Podlech, Peter Angele, Liane Dreher,Doris Thomas, and Matthias J. Reddehase. 1998. 

Control of Cytomegalovirus in Bone Marrow Transplantation Chimeras Lacking the 

Prevailing Antigen-Presenting Molecule in Recipient Tissues Rests Primarily on 

Recipient-Derived CD8 T Cells. J Virol. 72(10):7733–7744. 

6. Douglas A. Jab. 1996. Treatment of Cytomegalovirus Retinitis in Patients with AIDS.  

Ann Intern Med. 125:144-145. 

7. Sugar EA, Jabs DA, Ahuja A, Thorne JE, Danis RP, Meinert CL. 2012. Studies of the 

Ocular Complications of AIDS Research Group. Incidence of cytomegalovirus retinitis in 

the era of highly active antiretroviral therapy. Am J Ophthalmol. 153(6):1016-1024. 

8. Mitchell SM, Membrey WL, Youle MS, Obi A, Worrell S, Gazzard BG. 1999. 

Cytomegalovirus retinitis after the initiation of highly activeantiretroviral therapy: 

a 2 year prospective study. Br J Ophthalmol. 83(6):652-5. 

9. Michaels, M. G. 2007. Treatment of congenital cytomegalovirus: where are we now? 

Expert Rev. Anti Infect. Ther. 5:441-448. 

10. Adler SP. 2005. Congenital cytomegalovirus screening. Pediatr Infect Dis J. 24(12):1105-

6. 

11.  Adler SP, Marshall B. 2007. Cytomegalovirus infections. Pediatr Rev. 28(3):92-100. 

12. Nigro G. 2009. Maternal-fetal cytomegalovirus infection: from diagnosis totherapy. J 

Matern Fetal Neonatal Med. 22(2):169-74. 

13. Yasuda A, Kimura H, Hayakawa M, Ohshiro M, Kato Y, Matsuura O, Suzuki 

C, Morishima T. 2003. Evaluation of cytomegalovirus infections transmitted via breast 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9ter%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Telkes%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Varga%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22J%C3%A1ray%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Kotton%20CN%5BAuthor%5D&cauthor=true&cauthor_uid=20978468
http://www.ncbi.nlm.nih.gov/pubmed/20978468
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Sia%2BIG%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Patel%2BR%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Alterio%20de%20Goss%2BM%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Holtappels%2BR%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Steffens%2BHP%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Podlech%2BJ%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Podlech%2BJ%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Angele%2BP%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Dreher%2BL%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Thomas%2BD%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Reddehase%2BMJ%5bauth%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=Sugar%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=22310076
http://www.ncbi.nlm.nih.gov/pubmed?term=Jabs%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=22310076
http://www.ncbi.nlm.nih.gov/pubmed?term=Ahuja%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22310076
http://www.ncbi.nlm.nih.gov/pubmed?term=Thorne%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=22310076
http://www.ncbi.nlm.nih.gov/pubmed?term=Danis%20RP%5BAuthor%5D&cauthor=true&cauthor_uid=22310076
http://www.ncbi.nlm.nih.gov/pubmed?term=Meinert%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=22310076
http://www.ncbi.nlm.nih.gov/pubmed?term=Studies%20of%20the%20Ocular%20Complications%20of%20AIDS%20Research%20Group%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Studies%20of%20the%20Ocular%20Complications%20of%20AIDS%20Research%20Group%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/22310076
http://www.ncbi.nlm.nih.gov/pubmed?term=Mitchell%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=10340970
http://www.ncbi.nlm.nih.gov/pubmed?term=Membrey%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=10340970
http://www.ncbi.nlm.nih.gov/pubmed?term=Youle%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=10340970
http://www.ncbi.nlm.nih.gov/pubmed?term=Obi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10340970
http://www.ncbi.nlm.nih.gov/pubmed?term=Worrell%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10340970
http://www.ncbi.nlm.nih.gov/pubmed?term=Gazzard%20BG%5BAuthor%5D&cauthor=true&cauthor_uid=10340970
http://www.ncbi.nlm.nih.gov/pubmed?term=Cytomegalovirus%20retinitis%20after%20the%20initiation%20of%20highly%20active%20antiretroviral%20therapy%3A%20a%202%20year%20prospective%20study.
http://www.ncbi.nlm.nih.gov/pubmed?term=Adler%20SP%5BAuthor%5D&cauthor=true&cauthor_uid=16371874
http://www.ncbi.nlm.nih.gov/pubmed/16371874
http://www.ncbi.nlm.nih.gov/pubmed?term=Nigro%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19253166
http://www.ncbi.nlm.nih.gov/pubmed/19253166
http://www.ncbi.nlm.nih.gov/pubmed/19253166
http://www.ncbi.nlm.nih.gov/pubmed?term=Yasuda%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Kimura%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Hayakawa%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Ohshiro%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Kato%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Matsuura%20O%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12777549
http://www.ncbi.nlm.nih.gov/pubmed?term=Morishima%20T%5BAuthor%5D&cauthor=true&cauthor_uid=12777549


 
 

43 
 

milk in preterm infants with a real-time polymerase chain reaction assay. Pediatrics. 

111:1333-6. 

14. Mettenleiter et al. 2008. "Molecular Biology of Animal Herpesviruses". Animal Viruses: 

Molecular Biology. Caister Academic Press. ISBN 1-904455-22-0.  

15. Whitley RJ. 1996. Herpesviruses in: Baron's Medical Microbiology (Baron S et al., 

eds.) (4th ed.). Univ of Texas Medical Branch. ISBN 0-9631172-1-1. 

16. Yang S, Ghanny S, Wang W, Galante A, Dunn W, Liu F, Soteropoulos P, Zhu H. 2005. 

Using DNA microarray to study human cytomegalovirus gene expression. J Virol 

Methods. 131(2):202-8.  

17. Landolfo, S., M. Gariglio, G. Gribaudo, and D. Lembo. 2003. The human 

cytomegalovirus. Pharmacology & Therapeutics. 98:269-297. 

18. V.C. Emery and P.D. Griffiths. 1990. Current Status Review Molecular biology of 

cytomegalovirus. Int. J. Exp. Path. 71:905-9I8. 

19. Anders DG, McCue LA. 1996. The human cytomegalovirus genes and proteins required 

for DNA synthesis. Intervirology. 39(5-6):378-88. 

20. Lembo D, Brune W. 2008. Tinkering with a viral ribonucleotide reductase. Trends 

Biochem Sci. 34(1):25-32.  

 

21. A.L. Bissinger, C. Sinzger, E. Kaiserling,G.Jahn,. 2002. Human cytomegalovirus as a 

direct pathogen: Correlation of multiorgan involvement and cell distribution with clinical 

and pathological findings in a case of congenital inclusion disease. J. Med. Virol. 67:200-

206. 

 

22. Streblow, D. N., S. L. Orloff, and J. A. Nelson. 2007. Acceleration of allograft failure by 

cytomegalovirus. Current Opinion in Immunology. 19:577-582. 

 

23. Razonable RR, Emery VC. 2004. Management of CMV infection and disease in 

transplant patients. Herpes. 11:77-86. 

 

24. F M Hamzeh, P S Lietman, W Gibson, and G S Hayward. 1990. Identification of the lytic 

origin of DNA replication in human cytomegalovirus by a novel approach utilizing 

ganciclovir-induced chain termination. J.Virol. 64:6184–6195. 

 

25. Sullivan V, Biron KK, Talarico C, Stanat SC, Davis M, Pozzi LM, Coen DM. 1993. A 

point mutation in the human cytomegalovirus DNA polymerase gene confers resistance 

to Ganciclovir and phosphonylmethoxyalkyl derivatives. Antimicrob Agents Chemother. 

37(1):19-25. 

 

26. Martin DF, Parks DJ, Mellow SD, Ferris FL, Walton RC, Remaley NA, Chew 

EY, Ashton P, Davis MD, Nussenblatt RB. 1994. Treatment of cytomegalovirus retinitis 

http://www.ncbi.nlm.nih.gov/pubmed/12777549
http://www.horizonpress.com/avir
http://en.wikipedia.org/wiki/International_Standard_Book_Number
http://en.wikipedia.org/wiki/Special:BookSources/1-904455-22-0
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mmed.chapter.3567
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mmed.chapter.3567
http://en.wikipedia.org/wiki/International_Standard_Book_Number
http://en.wikipedia.org/wiki/Special:BookSources/0-9631172-1-1
http://www.ncbi.nlm.nih.gov/pubmed?term=Yang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Ghanny%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Galante%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Dunn%20W%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20F%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Soteropoulos%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16226322
http://www.ncbi.nlm.nih.gov/pubmed/16226322
http://www.ncbi.nlm.nih.gov/pubmed/16226322
http://www.ncbi.nlm.nih.gov/pubmed?term=Anders%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=9130047
http://www.ncbi.nlm.nih.gov/pubmed?term=McCue%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=9130047
http://www.ncbi.nlm.nih.gov/pubmed/9130047
http://www.ncbi.nlm.nih.gov/pubmed?term=Lembo%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18990579
http://www.ncbi.nlm.nih.gov/pubmed?term=Brune%20W%5BAuthor%5D&cauthor=true&cauthor_uid=18990579
http://www.ncbi.nlm.nih.gov/pubmed/18990579
http://www.ncbi.nlm.nih.gov/pubmed/18990579
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Razonable%20RR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Emery%20VC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Sullivan%20V%5BAuthor%5D&cauthor=true&cauthor_uid=8381637
http://www.ncbi.nlm.nih.gov/pubmed?term=Biron%20KK%5BAuthor%5D&cauthor=true&cauthor_uid=8381637
http://www.ncbi.nlm.nih.gov/pubmed?term=Talarico%20C%5BAuthor%5D&cauthor=true&cauthor_uid=8381637
http://www.ncbi.nlm.nih.gov/pubmed?term=Stanat%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=8381637
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20M%5BAuthor%5D&cauthor=true&cauthor_uid=8381637
http://www.ncbi.nlm.nih.gov/pubmed?term=Pozzi%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=8381637
http://www.ncbi.nlm.nih.gov/pubmed?term=Coen%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=8381637
http://www.ncbi.nlm.nih.gov/pubmed/8381637
http://www.ncbi.nlm.nih.gov/pubmed?term=Martin%20DF%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Parks%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Mellow%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Ferris%20FL%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Walton%20RC%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Remaley%20NA%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Chew%20EY%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Chew%20EY%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Ashton%20P%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Nussenblatt%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=7993207


 
 

44 
 

with an intraocular sustained-release ganciclovir implant. A randomized controlled 

clinical trial. Arch Ophthalmol.  112:1531-9. 

 

27. Schmidt GM, Kovacs A, Zaia JA, Horak DA, Blume KG, Nademanee AP, O'Donnell 

MR, Snyder DS, Forman SJ. 1988. Ganciclovir/immunoglobulin combination therapy for 

the treatment of human cytomegalovirus-associated interstitial pneumonia in bone 

marrow allograft recipients. Transplantation. 46(6):905-7. 

 

28. Stoffel M, Pirson Y, Squifflet JP, Lamy M, Gianello P, Alexandre GP. 1988. Treatment 

of cytomegalovirus pneumonitis with ganciclovir in renal transplantation. Transpl Int. 

1(4):181-5. 

 

29. Wood, AJJ. 1996. Ganciclovir. N Engl J Med. 335:721–729.  

 

30. Kimberlin DW, Lin CY, Sánchez PJ, Demmler GJ, Dankner W, Shelton M, Jacobs 

RF, Vaudry W, Pass RF, Kiell JM, Soong SJ, Whitley RJ. 2003. Effect of ganciclovir 

therapy on hearing in symptomatic congenital cytomegalovirus disease involving the 

central nervous system: a randomized, controlled trial. J Pediatr. 2003. 143(1):16-25. 

 

31. Watts DH. 1992. Antiviral agents. Obstet Gynecol Clin North Am. 19(3):563-85. 

 

32. Field AK. 1999. Human cytomegalovirus: challenges, opportunities and new drug 

development. Antivir Chem Chemother. 10(5):219-32. 

 

33. Biron, K.K. 2006. Antiviral drugs for cytomegalovirus disease. Antiviral research. 

71:154-16. 

 

34. So-Hee Kang, RPh, Angela Chua-Gocheco, MD, Pina Bozzo and Adrienne Einarson, 

RN. 2011. Safety of antiviral medication for the treatment of herpes during pregnancy. 

Can Fam Physician. 57(4):427-428. 

35. O'Brien JJ, Campoli-Richards DM. 1989. "Aciclovir. An updated review of its antiviral 

activity, pharmacokinetic properties and therapeutic efficacy". Drugs. 37(3):233–309.  

36. Balfour, H. H. J., Chace, B. A., Stapleton, J. T., Simmons, R. L. & Fryd, D. S. 1989. A 

randomized, placebo-controlled trial of oral acyclovir for the prevention of 

cytomegalovirus disease in recipients of renal allografts. New England Journal of 

Medicine. 320:1381–7. 

37. Meyers JD, Reed EC, Shepp DH, et al. 1988. Acyclovir for prevention of 

cytomegalovirus infection and disease after allogeneic marrow transplantation. N Engl J 

Med. 318:70-5. 

 

38. Dressler WFC, Sterin R. 1869. Uber den Hydroxylharnstoff. Jusutus Liebig's Ann Chem 

Pharm. 150:242–252. 

 

http://www.ncbi.nlm.nih.gov/pubmed/7993207
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmidt%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Kovacs%20A%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Zaia%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Horak%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Blume%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Nademanee%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Donnell%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Donnell%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Snyder%20DS%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Forman%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=2849818
http://www.ncbi.nlm.nih.gov/pubmed/2849818
http://www.ncbi.nlm.nih.gov/pubmed?term=Stoffel%20M%5BAuthor%5D&cauthor=true&cauthor_uid=2855305
http://www.ncbi.nlm.nih.gov/pubmed?term=Pirson%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=2855305
http://www.ncbi.nlm.nih.gov/pubmed?term=Squifflet%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=2855305
http://www.ncbi.nlm.nih.gov/pubmed?term=Lamy%20M%5BAuthor%5D&cauthor=true&cauthor_uid=2855305
http://www.ncbi.nlm.nih.gov/pubmed?term=Gianello%20P%5BAuthor%5D&cauthor=true&cauthor_uid=2855305
http://www.ncbi.nlm.nih.gov/pubmed?term=Alexandre%20GP%5BAuthor%5D&cauthor=true&cauthor_uid=2855305
http://www.ncbi.nlm.nih.gov/pubmed/2855305
http://www.ncbi.nlm.nih.gov/pubmed?term=Kimberlin%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Lin%20CY%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=S%C3%A1nchez%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Demmler%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Dankner%20W%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Shelton%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Jacobs%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Jacobs%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Vaudry%20W%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Pass%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Kiell%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Soong%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Whitley%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=12915819
http://www.ncbi.nlm.nih.gov/pubmed/12915819
http://www.ncbi.nlm.nih.gov/pubmed?term=Watts%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=1436933
http://www.ncbi.nlm.nih.gov/pubmed/1436933
http://www.ncbi.nlm.nih.gov/pubmed?term=Field%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=10574177
http://www.ncbi.nlm.nih.gov/pubmed?term=a%20kirk%20field%20human%20cmv%20challenges%20opportunities%20and%20new%20drug%20development%20


 
 

45 
 

39. Madaan K, Kaushik D, Verma T. 2012. Hydroxyurea: a key player 

in cancer chemotherapy. Expert Rev Anticancer Ther. 12(1):19-29. 

 

40. Yarbro JW. 1992. Mechanism of action of hydroxyurea. Semin Oncol. 19(3 Suppl 9):1-

10. 

 

41. Strouse JJ, Heeney MM. 2012. Hydroxyurea for the treatment of sickle cell disease: 

Efficacy, barriers, toxicity, and management in children. Pediatr Blood Cancer. 

59(2):365-71. 

 

42. Cokic VP, Smith RD, Beleslin-Cokic BB, Njoroge JM, Miller JL, Gladwin 

MT, Schechter AN. 2003. Hydroxyurea induces fetal hemoglobin by the nitric oxide-

dependent activation of soluble guanylyl cyclase. J Clin Invest. 111(2):231-9. 

 

43. Ravandi-Kashani F, Cortes J, Cohen P, Talpaz M, O'Brien S, Markowitz A, Kantarjian 

H. 1999. Cutaneous ulcers associated with hydroxyurea therapy in myeloproliferative 

disorders. Leuk Lymphoma. 35(1-2):109-18. 

 

44. Fritzer-Szekeres M, Novotny L, Vachalkova A, Göbl R, Elford HL, Szekeres T. 1998. 

Iron binding capacity of didox (3,4 dihydroxybenzohydroxamic acid) and amidox (3,4 

dihydroxybenzamidoxime) two inhibitors of the enzyme ribonucleotide Reductase. Adv 

Exp Med Biol. 431:599-604. 

 

45. Raje N, Kumar S, Hideshima T, Ishitsuka K, Yasui H, Chhetri S, Vallet S, Vonescu 

E, Shiraishi N,Kiziltepe T, Elford HL, Munshi NC, Anderson KC. 2006. Didox, a 

ribonucleotide reductase inhibitor, induces apoptosis and inhibits DNA repair in multiple 

myeloma cells. Br J Haematol. 135(1):52-61.  

 

46. Horvath Z, Bauer W, Hoechtl T, Saiko P, Fritzer-Szekeres M, Tihan T, Szekeres T. 2004. 

Combination chemotherapy of BCNU and Didox acts synergystically in 9L glioma cells. 

Nucleosides Nucleotides Nucleic Acids. 23(8-9):1531-5. 

 

47. Rubens RD, Kaye SB, Soukop M, Williams CJ, Brampton MH, Harris AL. 1991. Phase 

II trial of didox in advanced breast cancer. Cancer Research Campaign Phase I/II Clinical 

Trials Committee. Br J Cancer. 64(6):1187-8. 

 

48. Novotny L, Rauko P, Liska J, Elford HL, Szekeres T. 2006. Potentiation of the activity of 

cisplatin and cyclophosphamide bytrimidox, a novel ribonucleotide reductase inhibitor, in 

leukemia-bearing mice. Cancer Lett. 233(1):178-84. 

 

49. Figul M, Söling A, Dong HJ, Chou TC, Rainov NG. 2003. Combined effects of 

temozolomide and the ribonucleotide reductase inhibitors didox and trimidox in 

malignant brain tumor cells. Cancer Chemother Pharmacol. 52(1):41-6.  

 

50. Zachary KC, Davis B. 1998. Hydroxyurea for HIV infection. AIDS Clin Care. 10(4):25-

6, 32. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Madaan%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22149429
http://www.ncbi.nlm.nih.gov/pubmed?term=Kaushik%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22149429
http://www.ncbi.nlm.nih.gov/pubmed?term=Verma%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22149429
http://www.ncbi.nlm.nih.gov/pubmed/22149429
http://www.ncbi.nlm.nih.gov/pubmed?term=Yarbro%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=1641648
http://www.ncbi.nlm.nih.gov/pubmed/1641648
http://www.ncbi.nlm.nih.gov/pubmed?term=Strouse%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=22517797
http://www.ncbi.nlm.nih.gov/pubmed?term=Heeney%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=22517797
http://www.ncbi.nlm.nih.gov/pubmed/22517797
http://www.ncbi.nlm.nih.gov/pubmed?term=Cokic%20VP%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RD%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Beleslin-Cokic%20BB%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Njoroge%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Miller%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Gladwin%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Gladwin%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Schechter%20AN%5BAuthor%5D&cauthor=true&cauthor_uid=12531879
http://www.ncbi.nlm.nih.gov/pubmed?term=Hydroxyurea%20induces%20fetal%20hemoglobin%20by%20the%20nitric%20oxide%E2%80%93dependent%20activation%20of%20soluble%20guanylyl%20cyclase
http://www.ncbi.nlm.nih.gov/pubmed?term=Ravandi-Kashani%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=Cortes%20J%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=Cohen%20P%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=Talpaz%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Brien%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=Markowitz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=Kantarjian%20H%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=Kantarjian%20H%5BAuthor%5D&cauthor=true&cauthor_uid=10512168
http://www.ncbi.nlm.nih.gov/pubmed/10512168
http://www.ncbi.nlm.nih.gov/pubmed?term=Fritzer-Szekeres%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9598136
http://www.ncbi.nlm.nih.gov/pubmed?term=Novotny%20L%5BAuthor%5D&cauthor=true&cauthor_uid=9598136
http://www.ncbi.nlm.nih.gov/pubmed?term=Vachalkova%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9598136
http://www.ncbi.nlm.nih.gov/pubmed?term=G%C3%B6bl%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9598136
http://www.ncbi.nlm.nih.gov/pubmed?term=Elford%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=9598136
http://www.ncbi.nlm.nih.gov/pubmed?term=Szekeres%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9598136
http://www.ncbi.nlm.nih.gov/pubmed/9598136
http://www.ncbi.nlm.nih.gov/pubmed/9598136
http://www.ncbi.nlm.nih.gov/pubmed?term=Raje%20N%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Kumar%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Hideshima%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Ishitsuka%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Yasui%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Chhetri%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Vallet%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Vonescu%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Vonescu%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Shiraishi%20N%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Kiziltepe%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Elford%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Munshi%20NC%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Anderson%20KC%5BAuthor%5D&cauthor=true&cauthor_uid=16925573
http://www.ncbi.nlm.nih.gov/pubmed/16925573
http://www.ncbi.nlm.nih.gov/pubmed?term=Horvath%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=15571292
http://www.ncbi.nlm.nih.gov/pubmed?term=Bauer%20W%5BAuthor%5D&cauthor=true&cauthor_uid=15571292
http://www.ncbi.nlm.nih.gov/pubmed?term=Hoechtl%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15571292
http://www.ncbi.nlm.nih.gov/pubmed?term=Saiko%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15571292
http://www.ncbi.nlm.nih.gov/pubmed?term=Fritzer-Szekeres%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15571292
http://www.ncbi.nlm.nih.gov/pubmed?term=Tihan%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15571292
http://www.ncbi.nlm.nih.gov/pubmed?term=Szekeres%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15571292
http://www.ncbi.nlm.nih.gov/pubmed/15571292
http://www.ncbi.nlm.nih.gov/pubmed?term=Rubens%20RD%5BAuthor%5D&cauthor=true&cauthor_uid=1764386
http://www.ncbi.nlm.nih.gov/pubmed?term=Kaye%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=1764386
http://www.ncbi.nlm.nih.gov/pubmed?term=Soukop%20M%5BAuthor%5D&cauthor=true&cauthor_uid=1764386
http://www.ncbi.nlm.nih.gov/pubmed?term=Williams%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=1764386
http://www.ncbi.nlm.nih.gov/pubmed?term=Brampton%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=1764386
http://www.ncbi.nlm.nih.gov/pubmed?term=Harris%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=1764386
http://www.ncbi.nlm.nih.gov/pubmed/1764386
http://www.ncbi.nlm.nih.gov/pubmed?term=Novotny%20L%5BAuthor%5D&cauthor=true&cauthor_uid=15885888
http://www.ncbi.nlm.nih.gov/pubmed?term=Rauko%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15885888
http://www.ncbi.nlm.nih.gov/pubmed?term=Liska%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15885888
http://www.ncbi.nlm.nih.gov/pubmed?term=Elford%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=15885888
http://www.ncbi.nlm.nih.gov/pubmed?term=Szekeres%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15885888
http://www.ncbi.nlm.nih.gov/pubmed/15885888
http://www.ncbi.nlm.nih.gov/pubmed?term=Figul%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12690517
http://www.ncbi.nlm.nih.gov/pubmed?term=S%C3%B6ling%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12690517
http://www.ncbi.nlm.nih.gov/pubmed?term=Dong%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=12690517
http://www.ncbi.nlm.nih.gov/pubmed?term=Chou%20TC%5BAuthor%5D&cauthor=true&cauthor_uid=12690517
http://www.ncbi.nlm.nih.gov/pubmed?term=Rainov%20NG%5BAuthor%5D&cauthor=true&cauthor_uid=12690517
http://www.ncbi.nlm.nih.gov/pubmed/12690517
http://www.ncbi.nlm.nih.gov/pubmed?term=Zachary%20KC%5BAuthor%5D&cauthor=true&cauthor_uid=11365149
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20B%5BAuthor%5D&cauthor=true&cauthor_uid=11365149
http://www.ncbi.nlm.nih.gov/pubmed/11365149


 
 

46 
 

 

51. Mayhew CN, Sumpter R, Inayat M, Cibull M, Phillips JD, Elford HL, Gallicchio VS. 

2005. Combination of inhibitors of lymphocyte activation (hydroxyurea,trimidox, and 

didox) and reverse transcriptase (didanosine) suppresses development of murine 

retrovirus-induced lymphoproliferative disease. Antiviral Res. 65(1):13-22. 

 

52. Neyts J, De Clercq E. 1999. Hydroxyurea potentiates the antiherpesvirus activities of 

purine and pyrimidine nucleoside and nucleoside phosphonate analogs. Antimicrob 

Agents Chemother. 43(12):2885-92. 

 

53. Lembo D, Gribaudo G, Hofer A, Riera L, Cornaglia M, Mondo A, Angeretti A, Gariglio 

M, Thelander L, Landolfo S. 2000. Expression of an altered ribonucleotide reductase 

activity associated with the replication of murine cytomegalovirus in quiescent 

fibroblasts. J Virol. 74(24):11557-65. 

 

54. Go V, Tang-Feldman YJ, Lochhead SR, Lochhead GR, Yu CQ, Elford HL, Inayat 

MS, Oakley OR, Pomeroy C. 2011. Paradoxical response to prophylactic Didox (N-3, 4 

trihydroxybenzamide) treatment in murine cytomegalovirus-infected mice. Antivir Ther. 

16(8):1277-86. 

 

55. Wang D, Bresnahan W, Shenk T. 2004. Human cytomegalovirus encodes a highly 

specific RANTES decoy receptor Proc Natl. Acad Sci USA. 101(47):16642-7.  

 

56. Wang D, Shenk T. 2005. Human cytomegalovirus UL131 open reading frame is required 

for epithelial cell tropism. J Virol. 79(16):10330-8. 

 

57. McVoy MA, Mocarski ES. 1999. Tetracycline-mediated regulation of gene expression 

within the human cytomegalovirus genome. Virology. 258(2):295-303. 

 

58. Prichard MN, Shipman C., Jr. 1990. A three-dimensional model to analyze drug-drug 

interactions. Antiviral Res. 14(4-5):181–205.  

 

59. D G Anders, A Irmiere, and W Gibson. 1986. Identification and characterization of a 

major early cytomegalovirus DNA-binding protein. J Virol. 58(2): 253–262. 

 

60. National Toxicology Program. 2008. Monograph on the potential human reproductive 

and developmental effects of hydroxyurea. NTP CERHR MON. (21):vii-viii, v, ix-III1. 

 

61. McGregor A, Choi KY, Cui X, McVoy MA, Schleiss MR. 2008. Expression of the 

human cytomegalovirus UL97 gene in a chimeric guinea pig cytomegalovirus (GPCMV) 

results in viable virus with increased susceptibility to ganciclovir and maribavir. Antiviral 

Res. 78(3):250-9.  

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Mayhew%20CN%5BAuthor%5D&cauthor=true&cauthor_uid=15652967
http://www.ncbi.nlm.nih.gov/pubmed?term=Sumpter%20R%5BAuthor%5D&cauthor=true&cauthor_uid=15652967
http://www.ncbi.nlm.nih.gov/pubmed?term=Inayat%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15652967
http://www.ncbi.nlm.nih.gov/pubmed?term=Cibull%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15652967
http://www.ncbi.nlm.nih.gov/pubmed?term=Phillips%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=15652967
http://www.ncbi.nlm.nih.gov/pubmed?term=Elford%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=15652967
http://www.ncbi.nlm.nih.gov/pubmed?term=Gallicchio%20VS%5BAuthor%5D&cauthor=true&cauthor_uid=15652967
http://www.ncbi.nlm.nih.gov/pubmed/15652967
http://www.ncbi.nlm.nih.gov/pubmed?term=Neyts%20J%5BAuthor%5D&cauthor=true&cauthor_uid=10582877
http://www.ncbi.nlm.nih.gov/pubmed?term=De%20Clercq%20E%5BAuthor%5D&cauthor=true&cauthor_uid=10582877
http://www.ncbi.nlm.nih.gov/pubmed?term=neyts%20and%20clercq%20hydroxyurea
http://www.ncbi.nlm.nih.gov/pubmed?term=neyts%20and%20clercq%20hydroxyurea
http://www.ncbi.nlm.nih.gov/pubmed?term=Lembo%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Gribaudo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Hofer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Riera%20L%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Cornaglia%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Mondo%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Angeretti%20A%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Gariglio%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Gariglio%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Thelander%20L%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Landolfo%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11090153
http://www.ncbi.nlm.nih.gov/pubmed/11090153
http://www.ncbi.nlm.nih.gov/pubmed?term=Go%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Tang-Feldman%20YJ%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Lochhead%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Lochhead%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Yu%20CQ%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Elford%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Inayat%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Inayat%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Oakley%20OR%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=Pomeroy%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22155909
http://www.ncbi.nlm.nih.gov/pubmed?term=didox%20cytomegalovirus
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15536129
http://www.ncbi.nlm.nih.gov/pubmed?term=Bresnahan%20W%5BAuthor%5D&cauthor=true&cauthor_uid=15536129
http://www.ncbi.nlm.nih.gov/pubmed?term=Shenk%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15536129
http://www.ncbi.nlm.nih.gov/pubmed?term=Human%20cytomegalovirus%20encodes%20a%20highly%20specific%20RANTES%20decoy%20receptor
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20D%5BAuthor%5D&cauthor=true&cauthor_uid=16051825
http://www.ncbi.nlm.nih.gov/pubmed?term=Shenk%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16051825
http://www.ncbi.nlm.nih.gov/pubmed?term=Human%20CMV%20UL131%20open%20reading%20frame
http://www.ncbi.nlm.nih.gov/pubmed?term=McVoy%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=10366566
http://www.ncbi.nlm.nih.gov/pubmed?term=Mocarski%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=10366566
http://www.ncbi.nlm.nih.gov/pubmed/10366566
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Anders%2BDG%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Irmiere%2BA%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Gibson%2BW%5bauth%5d
http://www.ncbi.nlm.nih.gov/pubmed?term=National%20Toxicology%20Program%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/19407858
http://www.ncbi.nlm.nih.gov/pubmed?term=McGregor%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18325607
http://www.ncbi.nlm.nih.gov/pubmed?term=Choi%20KY%5BAuthor%5D&cauthor=true&cauthor_uid=18325607
http://www.ncbi.nlm.nih.gov/pubmed?term=Cui%20X%5BAuthor%5D&cauthor=true&cauthor_uid=18325607
http://www.ncbi.nlm.nih.gov/pubmed?term=McVoy%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=18325607
http://www.ncbi.nlm.nih.gov/pubmed?term=Schleiss%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=18325607
http://www.ncbi.nlm.nih.gov/pubmed?term=expression%20of%20human%20CMV%20UL97%20in%20a%20chimeric%20guinea%20pig
http://www.ncbi.nlm.nih.gov/pubmed?term=expression%20of%20human%20CMV%20UL97%20in%20a%20chimeric%20guinea%20pig


 
 

47 
 

 

 

 

VITA 

 

 

 

Sukhada M. Bhave 

300 West Franklin Street, Apt 904 E 

Richmond, VA 23220 

(848)-459-2242     

bhavesm@vcu.edu 

 

  

Background  

Born in Mumbai, India October 14, 1988 

 

 

 

Education 

Virginia Commonwealth University, Richmond, VA 

Master of Science in Molecular Biology and Genetics 

2010-Present 

  

Bombay College of Pharmacy, University of Mumbai, India 

Bachelor of Science in Pharmacy 

2006-2010 

 

 

 

Research experience  

Virginia Commonwealth University, Richmond, VA 

Department of Pediatrics 

Graduate Student 

Principal Investigator: Michael McVoy, PhD 

2010-Present 

 

 

 

Work Experience  

Virginia Commonwealth University, Richmond, VA 

Tutor for Biochemistry 

Fall 2011 

  

Virginia Commonwealth University, Richmond, VA 

DNA Core Facilities 

Lab Technician 

2011-2012 

  

Virginia Commonwealth University, Richmond, VA 

Department of Biology 

Adjunct Faculty for biology lab 

Spring 2011 

  

Franco Indian Pharmaceuticals Pvt. Ltd., India Summer 2009 

mailto:bhavesm@vcu.edu


 
 

48 
 

Quality Control and Quality Assurance Department 

Research Trainee 

 

 

 

Awards and Honors  

Phi Kappa Phi Honor Society 

Inducted November 2011 

 

  

Thesis/Dissertation Assistantship Award for Spring and Summer 

2012, VCU 

 

 

 

 

Presentations  

Oral Presentation at the 3
rd 

Virginia Regional Herpesvirus 

Symposium, Virginia beach, VA 

‘Investigating Synergy between ribonucleotide reductase inhibitors 

and CMV antivirals’ 

May 2012 

 


	Virginia Commonwealth University
	VCU Scholars Compass
	2012

	INVESTIGATING SYNERGY BETWEEN RIBONUCLEOTIDE REDUCTASE INHIBITORS AND CMV ANTIVIRALS
	Sukhada Bhave
	Downloaded from


	tmp.1404866539.pdf.gwdFU

