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			Human cytomegalovirus (HCMV) is a ubiquitous herpes virus (human herpes virus 5) with the highest morbidity and mortality rates compared to other herpes viruses. Risk groups include very young, elderly, transplant recipient, and immunocompromised individuals. HCMV may cause retinitis, encephalitis, hepatitis, esophagitis, colitis, pneumonia, neonatal infection sequelae, inflammatory, and age-related diseases. With an arsenal of genes in its large genome dedicated to host immune evasion, HCMV can block intrinsic cellular defenses and interfere with cellular immune responses. HCMV also encodes chemokines, chemokine receptors, and cytokines. Therefore, genes involved in human viral defense mechanisms and those encoding proteins targeted by the CMV proteins are candidates for host control of CMV infection and reactivation. Although still few in number, host genetic studies are producing valuable insights into biological processes involved in HCMV pathogenesis and HCMV-related diseases. For example, genetic variants in the immunoglobulin GM light chain can influence the antibody responsiveness to CMV glycoprotein B and modify risk of HCMV-related diseases. Moreover, CMV infection following organ transplantation has been associated with variants in genes encoding toll-like receptors (TLRs), programmed death-1 (PD-1), and interleukin-12p40 (IL-12B). A KIR haplotype (2DS4+) is proposed to be protective for CMV activation among hematopoietic stem cell transplant patients. Polymorphisms in the interferon lambda 3/4 (IFNL3/4) region are shown to influence susceptibility to CMV replication among solid organ transplant patients. Interestingly, the IFNL3/4 region is also associated with AIDS-related CMV retinitis susceptibility in HIV-infected patients. Likewise, interleukin-10 receptor 1 (IL-10R1) variants are shown to influence CMV retinitis development in patients with AIDS. Results from genome-wide association studies suggest a possible role for microtubule network and retinol metabolism in anti-CMV antibody response. Nevertheless, further genetic epidemiological studies with large cohorts, functional studies on the numerous HCMV genes, and immune response to chronic and latent states of infection that contribute to HCMV persistence are clearly necessary to elucidate the genetic mechanisms of CMV infection, reactivation, and pathogenesis.
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			Introduction

			Human cytomegalovirus (HCMV), also called human herpes virus 5 (HHV5), is a beta herpesvirus that belongs to the Herpesviridae family (Davison, 2007; Davison and Bhella, 2007; Liu and Zhou, 2007). HCMV exhibits broad cellular tropism, capable of infecting most cell types and organs. As an opportunistic pathogen, HCMV is ubiquitous with a global infection distribution and causes more morbidity and mortality compared to any other herpes virus (Wills et al., 2007). Major HCMV transmission routes include saliva, sexual contact, placental transfer, breast feeding, blood transfusion, solid organ transplantation, and hematopoietic stem cell transplantation (HSCT; Pass, 1985; Ho, 1990). The incidence of infection and prevalence increases progressively with age, reaching over 70% prevalence by age 70 in developed countries. The seroprevalence rates can be more than 90% among lower socioeconomic groups, men who have sex with men, and in developing countries (Pass, 1985; Ho, 1990; Stagno and Cloud, 1990; Razonable, 2005; Cannon, 2009; Beam and Razonable, 2012).

			HCMV, with a double-stranded linear DNA genome ranging between 196 and 241 kbp (thousand base pairs), has the largest genome among the betaherpesviruses. The genome can encode over 160 gene products, a number much higher than other betaherpesviruses (Murphy et al., 2003a; Murphy et al., 2003b; Dolan et al., 2004). Only a subset of the 160 genes have roles in herpesvirus core function such as DNA replication, DNA encapsulation, and virion maturation, whereas the majority are involved in viral persistence, latency, diverse cellular tropism, and host immune response modulation, indicating complex interactions throughout HCMV co-evolution with its human host (Stern-Ginossar et al., 2012). For example, HCMV encodes homologs of cellular chemokines, chemokine receptors, and cytokines, which might contribute to immune evasion of infected host cells (McSharry et al., 2012).

			The recognition of CMV as a medically important virus goes back to early 1930s when cytomegalic inclusion disease, a severe form of congenital CMV disease with an owl’s eye appearance of inclusion bodies in cells from multiple organs of the infants, was observed. By 1970s, the pathogenic organ disease and HCMV link was well established, and HCMV-like viruses were isolated from other mammals. Due to the high social and medical cost of congenital CMV disease (i.e., sensorineural hearing loss and other severe neurological injury), vaccine development is a high public health priority (Plotkin, 2004; Arvin et al., 2004). HCMV continued to draw increasing medical attention as an opportunistic infection in immunocompromised individuals receiving organ transplants and the elderly. Moreover, persistent HCMV infection has been demonstrated to accelerate immunosenescence also known as human immune aging (Koch et al., 2006; Koch et al., 2007; Pawelec et al., 2009; Wistuba-Hamprecht et al., 2013; Pawelec, 2014). The onset of the HIV epidemic and the concomitant increase in AIDS-related CMV infections led to the development of several antiviral drugs (Plotkin, 2004; Griffiths and Boeckh, 2007; Kotton, 2013; Shin et al., 2014; Vora et al., 2018). However, currently there is no protective vaccination, and viral resistance against available antiviral drugs necessitates continuing research and investment in better understanding of CMV pathogenesis (Plotkin, 2002; Schleiss et al., 2006; Heineman, 2007; Griffiths and Boeckh, 2007; Plotkin and Boppana, 2018).

			Most reviews in CMV literature focus on the viral and immune response aspects of the pathogenesis. However, host genetics of viral infection and pathogenesis can identify biological pathways that may lead to novel therapeutics. This review takes a different approach and aims to cover the current cumulative state of the knowledge in the host genetics of CMV pathogenesis in different risk groups. Different phenotypic outcomes of HCMV susceptibility are presented in the following sections. The details of genetic associations such as cohorts, odds ratios, P-values, and sample size are presented in Table 1. A summary figure of interactions between host genes and HCMV in different phenotypic outcomes based on literature reports is presented in Figure 1.



							Table 1 | Loci reported to be involved in HCMV and related disease susceptibility.
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			Figure 1 | Human genes involved in response to HCMV and related diseases. Summary figure representing the interaction between host genes and HCMV in different phenotypic outcomes based on literature reports as listed and cited in Table 1. (A) Genes modulating humoral immunity response against HCMV. (B) Innate and adaptive immune response modulating genes unique to and shared between susceptibility to HCMV disease in transplantation, HIV infection, and vertical transmission categories. The grouping of genes among the phenotypic outcomes is deduced based on association results and related literature detailed in Table 1. “Vertical transmission” category is based on studies of transmission of HMCV from mother to fetus or newborn. “HCMV disease in transplantation” category includes results from solid organ and stem cell transplantation studies. “HCMV disease in HIV infection” category includes results from HIV-infected patients.

		


			Host Genetics of Humoral Immunity to HCMV

			HCMV immune human sera contain neutralizing antibodies against principal CMV envelope proteins (such as gB), tegument phosphoprotein pp150 (UL32), and nonstructural DNA binding phosphoprotein pp52 (UL44) (Landini, 1993). Humoral immunity to CMV can be protective against blood-borne spread of virus, transplacental transmission, and CMV acquisition and disease (Jonjic et al., 1994; Plotkin et al., 1994; Schoppel et al., 1998; Fields et al., 2001; Schleiss et al., 2004). There is differential response to CMV exposure, and not everyone exposed to HCMV develops a CMV-related disease, suggesting a possible role for host genetic variation in antibody response to HCMV.

			Immunoglobulins, also known as antibodies, constitute a critical part of the humoral immune response by specifically recognizing and binding to particular antigens. Immunoglobulin G is the most common type of antibody in circulation. Variation in genes that code for immunoglobulin (Ig) GM (gamma marker) creates several alleles (also referred as allotypes), (i.e., GM 3 and GM 17) with different binding affinities to antigens such as HCMV glycoprotein B (gB). The effect of genetic variation in humoral immunity on susceptibility to HCMV disease has been suggested by the studies that focus on association between immunoglobulin (Ig) GM allotype variation and HCMV antibody response. Pandey et al. reported a significant effect of immunoglobulin GM genotypes on antibody responsiveness to HCMV glycoprotein B (gB) (Pandey, 2014a). The study showed significant differences in antibody response to HCMV between GM 3 and GM 17 alleles. HCMV codes for a Fc gamma receptor (FcgR)-like protein (coded by the HCMV RL13 gene) that can bind to the anti-HCMV IgG antibody, thus reducing the number of free anti-HCMV antibodies in circulation, and giving survival advantage to the virus. The GM 3 allele has higher affinity to HCMV FcgR-like protein (through bipolar bridging) compared to the GM 17 allele, leaving lower concentration of free anti-HCMV gB antibodies circulating in the system. They also drew attention to B-cell-mediated antigen processing/presentation pathway as an alternative mechanism underlying GM allotypes’ differential responsiveness to HCMV gB. One of the strategies that HCMV has evolved for evading host immunosurveillance involves generating proteins with similar functional properties to the Fcγ receptor for IgG (FcγR). FcγR interferes with the anti-HCMV IgG antibody’s binding to the virus, thus giving survival advantage to HCMV against antibody-dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis, and antibody-dependent complement-dependent cytotoxicity (Atalay et al., 2002; Namboodiri and Pandey, 2011).

			A major issue in genetic epidemiology studies of antibody variation is that most of the genetic variation is ethnic and population specific. For example, GM 3 is rare among people of African descent. Moreover, the genetic background influencing overall immune response will be different between races and populations. Therefore replication and translation of results from one study to another is not always possible. Ethnic and population-specific genetic variation can also lead to hidden population stratification even in the same country, which is major factor confounding the genetic association results. Given the complex genetic nature of humoral immune response to HCMV, much larger studies with more balanced case and control groups are needed to test the GM associations with HCMV response.

			Host Genetics of HCMV in Cancers

			HCMV is not considered an oncogenic virus; however, HCMV viral DNA, RNA, and protein have been frequently found in neoplastic tissues including gliomas, breast cancer, and neuroblastoma (Cobbs et al., 2002; Harkins et al., 2010; Cobbs, 2011; Taher et al., 2013; Wolmer-Solberg et al., 2013). Moreover, HCMV infection leads to changes in cell physiology, tumor microenvironment, inhibition of apoptosis, and evasion from immune detection that are characteristics of cancer development (Hanahan and Weinberg, 2011). Not all HCMV-infected individuals develop cancers, suggesting that host genetics of HCMV response may influence HCMV-mediated cancer risk. Indeed, studies with glioma patient cohorts showed a modulating effect of GM alleles on the risk of gliomas, where the IgGM 3 homozygotes were over twice, and the GM 3/17 heterozygotes were over three times as likely to develop glioma (Pandey, 2014a; Pandey et al., 2014b). The magnitude of antibody responsiveness to HCMV glycoprotein B (gB) has also been implicated in breast cancer susceptibility. The GM 3 allele of IgG1 was reported to be significantly associated with increased susceptibility to breast cancer in Caucasian subjects from Brazil; however, the association was not significant in other population groups (Pandey et al., 2012). In a follow-up study, breast cancer-free individuals had significantly higher levels of anti-gB IgG antibodies than patients with breast cancer; however, there was interindividual and interethnic variability in the magnitude of antibody response, and interactions with other genes of the immune system were apparent (Pandey et al., 2016). Functional studies indicate that the binding of HCMV FcgR-like protein to GM 17 allele expressing IgG antibodies was significantly higher than GM 3 expressing antibodies, providing possible mechanistic insights for increased breast cancer risk in some HCMV-infected patients (Pandey et al., 2017).

			Significant association of rare GM genotypes with neuroblastoma, a rare extracranial solid tumor, has been reported (Morell et al., 1977), but the mechanism underlying this association is still not clear. These uncommon GM genotypes include the GM 3, the allele with high affinity to HCMV TRL11/IRL11-encoded FcγR. Reports documenting early and late HCMV protein expression in primary neuroblastomas and neuroblastoma xenografts suggest either infection and transformation of neuroblastoma progenitor cells or direct infection of neuroblastoma cells and disturbance of intracellular pathways leading to neoplasms (Wolmer-Solberg et al., 2013). The mechanisms underlying the increased HCMV associated cancer risk with the GM 3 allele may also be involved in neuroblastoma cases as well.

			Independent cohort and functional studies make a case for significant influence of host genetic variation in humoral immunity on response to HCMV disease (Table 1, Figure 1). However, increased cancer risk associated with increased HCMV susceptibility is still a hypothesis to be tested. Clearly, larger multi-ethnic, multi-cohort host genetic, and comprehensive functional studies are needed to uncover the host genetics of humoral immunity to HCMV and HCMV associated cancers.

			Host Genetics of HCMV Disease in Transplant Patients

			HCMV is a common opportunistic infection among immunocompromised individuals. Individuals are maximally immunocompromised due to use of immunosuppressants during solid organ or HSCT procedures and thus are prone to HCMV reactivation (of the latent virus), primary infection, and reinfection. HCMV infections can cause severe morbidity and transplant failure, which frequently results in extended hospital stay and substantially higher cost of care (Falagas et al., 1997; Kim et al., 2000; Ljungman et al., 2002; Ramanan and Razonable, 2013). Transplantations from a seropositive individual to a seronegative individual (R-/D+) pose the greatest risk for HCMV-associated disease in the transplant recipient patients (Cope et al., 1997; Lowance et al., 1999). Therefore, determining the serologic status of the recipient and donor is important in assessing the risk of HCMV-associated disease. However, it can be hard to find serostatus matched donor and recipients, and even serostatus matching does not completely eliminate HCMV-associated morbidity.

			Coordinated innate and adaptive immune response is crucial for control of HCMV infection in immunocompromised transplant recipients. Whereas innate interferon (IFN) and natural killer (NK) cell responses are important in immediate control of CMV infection, adaptive T cell immune responses are important in both active infection and reactivation control phases (Crough and Khanna, 2009; Zelini et al., 2010; Reddehase, 2013; Muntasell et al., 2013). To reduce the number of HCMV-associated adverse outcomes and better identify transplant patients for HCMV prophylaxis, several candidate innate and adaptive immune-related gene studies have been conducted (Table 1).

			Solid Transplantation Studies

			A family of transmembrane proteins, the Toll-like receptors (TLRs), are part of the innate immune system and play crucial roles in the activation of the immune system by regulating the production of antiviral peptides and inflammatory cytokines against viral replication. The detection of CMV envelope glycoproteins B (gB) and H (gH) by TLR2 leads to nuclear factor-kB (NF-kB) activation and cytokine secretion against CMV (Boehme et al., 2006). Clinical studies showed that polymorphisms in TLR-2 (Kijpittayarit et al., 2007; Kang et al., 2012), TLR-4, TLR-9 (Fernandez-Ruiz et al., 2015), and mannose binding lectin (Cervera et al., 2007; Manuel et al., 2007) can be associated with increased risk of HCMV infection and disease after transplantation.

			Genetic variants of MICA (major histocompatibility complex class I chain-related protein A) and its activating receptor NKG2D (natural killer group 2 member D) receptor may be associated with HCMV disease risk among kidney transplant patients. A candidate gene association study identified a regulatory MICA variant (rs2596538) in the kidney donors that can be a protective prognostic determinant for CMV disease. This functional variant was able to predict the development of CMV infection and disease during the first year after kidney transplantation (Table 1: Rohn et al., 2018). Membrane-associated molecule PD-1 (programmed death-1) regulates immune responses by inhibiting T cell receptor signaling, cytokine production in effector T cells, and expression on regulatory T cells (Sharpe et al., 2007; Franceschini et al., 2009). PD-1’s expression also correlates with CMV viremia in transplant patients (Sester et al., 2008). An upstream regulatory region variant (rs11568821) that impairs the function of PD-1 (also called PD-1.3) has been investigated in HCMV infection in kidney and lung graft recipients. The PD-1.3 variant has been shown to be associated with higher risk of HCMV infection (Hoffmann et al., 2010) and lung allograft survival in recipients from HCMV-positive donors (Forconi et al., 2017). Dendritic cell-specific ICAM 3-grabbing nonintegrin (DC-SIGN) variants were also reported to be associated with higher incidence of HCMV infection in kidney transplant patients (Fernandez-Ruiz et al., 2015).

			Cytokines, signaling molecules of the immune system, regulate pro-inflammatory and anti-inflammatory responses, and play important roles in antiviral response. Cytokines also play a role in HCMV infection, reactivation, and disease (Asanuma et al., 1995; Zeevi et al., 1999; Faist et al., 2010; van de Berg et al., 2010; Biron and Tarrio, 2015; Nabekura and Lanier, 2016). Studies of functional gene polymorphisms in pro-inflammatory and anti-inflammatory cytokines with HCMV disease identified IFNG (interferon-gamma) +874 A/T polymorphism as a risk factor for HCMV disease in kidney and lung transplant patients, where the +874 A allele, a low IFNG producer (reduced gene expression), is associated with increased risk for HCMV infection and disease after organ transplantation (Mitsani et al., 2011; Vu et al., 2014). In a Finnish renal transplant cohort, the donor interleukin-10 (IL-10) gene polymorphism −1082AA was observed to influence HCMV infection risk. Recipient IL-10, IL-6, and IFNG polymorphisms also show significant associations with HCMV reactivation and disease risk (Alakulppi et al., 2006). A possible association between IL-12p40 gene polymorphisms in the recipient and high risk of HCMV infection was also reported after kidney transplantation (Hoffmann et al., 2008).

			Type III interferon, also called interferon lambda (INFL3 or formerly IL-28B), has gained much attention as an important viral response element in recent years (Kotenko, 2011; Hayes et al., 2012). In a cohort of solid organ transplant patients from Alberta, a functional single nucleotide polymorphism (SNP) (rs8099917) associated with lower INFL3 (IL-28B) expression during CMV infection, but higher IFN-stimulated gene expression showed a protective effect against CMV replication (Egli et al., 2014). A follow-up Swiss Transplant Cohort study compared the cumulative incidence of CMV replication between patients with different TT/-G (rs368234815) genotype in the CpG region upstream of IFNL3. Patients with the –G/–G genotype had higher cumulative incidence of CMV replication. The study suggest that IFNL3 TT/-G (rs368234815) variant can be a CMV replication controller, particularly in patients not receiving antiviral prophylaxis (Manuel et al., 2015). Fernandez-Ruiz et al. (2015) also reported a lower incidence of HCMV infections among kidney transplant patients with IL28B (IFNL3) rs12979860-T allele.

			Hematopoietic Transplantation Studies

			Although still few in number, host genetics of HCMV susceptibility among HSCT cases have also been investigated (Table 1). Similar to solid organ transplant studies, several candidate innate and adaptive immunity genes have been examined. Results from solid organ transplantation studies stimulated cytokine and interferon research in HCMV disease in stem cell transplant settings. In a comprehensive immunogenetic study, allogeneic stem cell transplant patients with HCMV reactivation (DNAemia), patients with HCMV disease, and patients without HCMV reactivation were examined (Loeffler et al., 2006). Polymorphisms in the CCR5, IL-10, and MCP1 were observed to contribute to HCMV reactivation and disease after allogeneic stem cell transplantation (Loeffler et al., 2006; Corrales et al., 2015). In a follow-up study, this research group extended their investigation and observed a significant association between promoter region variants, which influenced the expression levels of DC-SIGN on dendritic cells, and increased risk of development of HCMV reactivation and disease (Mezger et al., 2008). Protective effects of the INFL3 rs12979860 C/T polymorphism against CMV infection (Bravo et al., 2014; Corrales et al., 2017) and INFL3 rs12979860 IFNL4 rs368234815 compound genotype against HCMV reactivation (Annibali et al., 2018) in the allogeneic stem cell transplant setting were also reported. Killer immunoglobulin-like receptors (KIR) are cell surface receptors found on NK and certain T cells. The activating and inhibitory signals are transmitted to NK cells through KIR proteins, by which NK cells respond quickly to infections. In a Chinese cohort HLA-matched HSCT patients, patients receiving HSCT from donors with heterozygote 2DS4+/1D+ KIR haplotype showed at least 20% less CMV reactivation compared to donors with other haplotypes (Wu et al., 2016). This observation suggests that donor KIR haplotype should be evaluated for HLA-matched HSCT cases. More recently functional genetic variants in FOXP3 (Piao et al., 2016), STAT4 (Wun et al., 2017), and IL-7(Kielsen et al., 2018) are reported to influence HCMV infection after HSCT in independent cohort studies.

			Host genetics of HCMV disease in transplant patients provide hints towards promising genetic markers to predict CMV viremia (Table 1, Figure 1). However, these studies are complicated due to several factors, including donor and recipient serostatus, type and dose of immunosuppressive drugs used, and ethnicity of the patient cohort. These factors also lead to significant heterogeneity among the studies confounding the efficacy of a meta-analysis of the individual studies to reach a consensus on securely identified markers and causal variants. The transplant community is still far from developing well accepted genetic markers for personalized CMV approaches (such as decisions on prophylactic and preemptive therapies) to be used in the clinic.

			Host Genetics of HCMV Disease in HIV-Infected Patients

			Patients with HIV infection are another group of immunocompromised individuals that are at high risk for CMV disease. Before the use of ART (antiretroviral therapy), up to 40% of adults with AIDS developed CMV disease (Gallant et al., 1992). Although the incidence of CMV infection has declined dramatically, new cases continue to occur (Sezgin et al., 2018). Among HIV-infected patients the risk of CMV disease is linked to CD4+ T-cell counts. The most common CMV disease among patients with uncontrolled HIV infection is CMV-Retinitis that may develop when CD4+ T-cell counts drop below 50–100 CD4+ cells/µl (Jabs, 1995; Dunn and Jabs, 1995; Heiden et al., 2007). While some patients with low CD4+ T-cell counts remain asymptomatic, others can progress to CMV disease rather quickly. Host genetic variants in genes involved in regulation of innate and adaptive immune responses may have a role in this differential susceptibility to CMV among HIV-infected patients as they have in other immunocompromised groups such as transplant patients.

			A comprehensive candidate gene study on host genetics of CMV-Retinitis among HIV-infected patients was conducted in Longitudinal Studies of Ocular Complications of AIDS (LSOCA) cohort (Table 1). The study showed that human interleukin-10 receptor (IL-10R1) variants that potentially interfere with IL-10 binding and signal transduction can influence CMV-Retinitis occurrence in European Americans (Sezgin et al., 2010). The same study also suggested a possible role of IL-10 variants on CMV-Retinitis risk among African Americans (Sezgin et al., 2010). In a follow-up study of the same cohort, cytokine and cytokine receptor [CCR5 and stromal derived factor (SDF-1)] genetic variants have been observed to influence retinitis progression (Sezgin et al., 2011). In a different cohort study, TNF polymorphisms were also linked to susceptibility to CMV retinitis in white patients, though with rather small sample size (Deghaide et al., 2009). In a large Swiss HIV Cohort Study, the effect of IFNL3 TT/-G substitution, the variant that increased susceptibility to CMV replication in transplant patients (Manuel et al., 2015), was also shown to be associated with higher risk of CMV retinitis (Bibert et al., 2014).

			Although subject to complex confounding factors and high false discovery rates, host candidate gene studies of immunocompromised groups cumulatively indicate possible effects of innate and adaptive immune gene variants on CMV disease (Table 1, Figure 1). More studies should be designed to replicate and validate these results.

			Host Genetics of Vertical HCMV Transmission

			Vertical transmission of HCMV from mother to fetus or newborn is common and plays an important role in maintaining infection in the population (Stagno et al., 1982a; Whitley, 2004). Prenatal infection rates are highest in low income countries or low socioeconomic populations, where risk of maternal seropositivity is also high (Stagno et al., 1982b; Stagno et al., 1982c). Recurrent and primary HCMV infection during pregnancy can cause congenital infection of the newborn and may lead to severe clinical complications such as hearing defects, birth defects, and irreversible neurodevelopmental sequelae (Boppana et al., 1992; Boppana et al., 1999; Gaytant et al., 2002).

			Host candidate genetic studies of congenital HCMV infection mainly have focused on innate immune system, such as TLRs and Mannan-binding lectins, and cytokine genes (Table 1, Figure 1). In children with congenital HCMV disease, the TLR2 1350 T > C variant (rs3804100) was reported to be associated with the infection, although no relationship was established with the course of infection (HCMV disease) (Taniguchi et al., 2013). Eldar-Yedidia et al. (2017) reported a protective effect of TLR2 rs1898830 –GG genotype against HCMV transmission to fetus. A follow-up study investigating the influence of Arg677Trp (rs121917864, 2029 C > T) and Arg753Gln (rs5743708) variants in the TLR2, and Asp299Gly variant in the TLR4 on the risk of CMV infection in infants and adults found that heterozygosity for the TLR2 Arg677Trp was significantly associated with a lower risk of CMV infection in adults but not in infants. The same study also reported TLR4 Asp299Gly association with lower viremia in the adults (Jablonska et al., 2014). In a study of HCMV-infected fetuses and neonates, and controls, Wujcicka et al. (2017a) reported TLR2 2258 G > A SNP (rs5743708) to be associated with increased risk of congenital HCMV infection, but no effect of TLR2 1350 T > C and 2029 C > T variants on HCMV risk was observed. The same group in an independent study evaluated the role of TLR2, TLR4, and TLR9 variants in HCMV infection among pregnant women. Only the TLR9 2848 G > A (rs352140) variant was reported to be associated with HCMV infection risk in pregnant women (Wujcicka et al., 2017b). Increased HCMV infection risk in infants with TLR9 -1486 T > C and TLR9 2848 C > T variants is also reported (Paradowska et al., 2016).

			Another important player in the innate immune system is the Mannan-binding lectin (MBL), a pattern recognition molecule and a first line defense antimicrobial factor (Kilpatrick, 2002). Mutations in the promoter region and first exon of MBL2 were reported to be associated with lower serum MBL concentrations (Madsen et al., 1995). In a Polish study, MBL2 functional gene polymorphisms that influence serum MBL concentrations were examined in prenatal and perinatal CMV infections (Szala et al., 2011). However, no significant influence on susceptibility to prenatal or perinatal HCMV infections was observed (Szala et al., 2011).

			HCMV infection during pregnancy can affect the cytokine profile within a HCMV-infected placenta and shift the cytokine expression toward a proinflammatory state with implications for adverse pregnancy outcomes (Hamilton et al., 2012; Scott et al., 2012). As host genetic variants in cytokine-related genes were shown to influence susceptibility to HCMV infection and disease in transplant patients and patients with AIDS, several congenital infection studies also investigated the association of cytokine and cytokine receptor variants on HCMV susceptibility. Kasztelewicz et al. (2017) compared the allelic distribution of 11 candidate SNPs in eight genes (TNF rs1799964 and rs1800629, TNFRSF1A rs4149570, IL-1B rs16944 and rs1143634, IL-10 rs1800896, IL-10RA rs4252279, IL-12B rs3212227, CCL2 rs1024611 and rs13900, CCR5 rs333) between a group of infants (n = 72) with confirmed intrauterine CMV infection and 398 uninfected controls. IL-1B (rs16944) and TNF (rs1799964) variants were significantly associated with intrauterine HCMV infection. Moreover, they identified CCL2 (rs13900) as a genetic risk factor for hearing loss at birth and at 6 months of age (Kasztelewicz et al., 2017). Wujcicka et al. examined the effects of fetal and maternal IL-1A, IL-1B, IL-6, IL-12B, and TNFA gene variants on HCMV infection and disease in neonates and fetuses in two independent Polish cohort studies. In one study, they reported that IL-1A and IL-1B variants increased the risk of congenital HCMV infection in neonates and fetuses, as well as the onset of disease-related symptoms (Wujcicka et al., 2017c). The other study of pregnant women also reported possible effects of IL-1A, IL-1B, and IL-6 on the occurrence and development of HCMV infection in the neonate (Wujcicka et al., 2017d).

			Deciphering the contribution of hot genetics to HCMV vertical transmission and related disease outcomes may be the hardest of all HCMV-related disease studies. Firstly, the susceptibility of the pregnant mother to HCMV needs to be considered, where the immune response will be modified due to pregnancy further complicating the interaction between the host and HCMV. Secondly, if the mother cannot clear the infection, and HCMV finds its way to fetus, then the immune response by the infant, which is rather immature and still developing, will be involved with a genetic make-up different than that of the mother. Aforementioned reports should be considered as early attempts of a rather challenging research agenda. High-throughput genetic and immune profiling methods with much larger cohorts are necessary to understand the genetic and non-genetic factors involved in HCMV vertical transmission.

			GWAS of HCMV Infection

			Genome-wide association studies (GWASs) have made significant contributions for discovering genetic factors underlying complex phenotypes and diseases. Unlike traditional hypothesis-driven candidate gene studies, where only a few candidate genes are targeted, in GWAS all human genes become potential candidates for the phenotype of interest. Therefore, GWAS approach can discover genes and their variants that may look irrelevant to the phenotype of interest, which in return can lead to discovery of novel biological pathways involved in development of this phenotype.

			The first GWAS was conducted to identify genetic polymorphisms associated with the susceptibility to HCMV and strength of anti-HCMV immunoglobulin G (IgG) response to CMV infection (Kuparinen et al., 2012). The study included 1486 anti-CMV IgG seropositive and 648 seronegative individuals genotyped on an Illumina BeadChip containing 670,000 probes. Although no strong genetic components were observed, the study identified 10 new candidate loci that showed suggestive association with anti-CMV IgG titer (Table 1). Annotated genes among these loci suggested a possible role for microtubule network in anti-CMV antibody response (Kuparinen et al., 2012). Another GWAS, aiming to localize the loci influencing serological phenotypes to common viral infections, found suggestive evidence of association for modifying IgG antibody response to HCMV (anti-CMV) on chromosome 14 (Rubicz et al., 2015). A retinol metabolism gene, DHRS4, near the associated SNP, was proposed to be a candidate for further evaluation. These two studies show that GWAS approach can be productive in HCMV field; however, one also needs to consider the fact that there was no overlap of identified genes between the two GWASs, although the phenotypes were similar. Curiously, none of the candidate innate and adaptive immune genes examined so far were top hits in these GWASs.

			Challenge and Future Directions

			Clinical management of CMV infection is particularly challenging due to the arsenal of host immune evasion strategies encoded by its large genome and its complex interactions with its human host. As we show in this review, with a few exceptions, most of the genetic loci identified to date have not been replicated or validated in sufficiently powered cohort studies, suggesting that only a small fraction of variance in host response is likely due to genetic variation. To address the role of host genetic variation in immune response to HCMV and CMV disease, large prospective studies and genome-wide approaches are required to securely identify causal variants involved in immune response and pathophysiological mechanisms leading to CMV disease.

			Author Contributions

			ES designed the study, conducted literature research, and wrote and edited the manuscript. PA and CW wrote and edited the manuscript.

			Funding

			This project has been funded in whole or in part with federal funds from the National Cancer Institute, National Institutes of Health, under contract HHSN26120080001E. This research was supported in part by the Intramural Research Program of the NIH, National Cancer Institute, Center for Cancer Research. The content of this publication does not necessarily reflect the views or policies of the Department of Health and Human Services, nor does mention of trade names, commercial products, or organizations imply endorsement by the U.S. Government.

			The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

			References

			Alakulppi, N. S., Kyllonen, L. E., Salo, H. M., Partanen, J., Salmela, K. T., and Laine, J. T. (2006). The impact of donor cytokine gene polymorphisms on the incidence of cytomegalovirus infection after kidney transplantation. Transpl. Immunol. 16 (3–4), 258–262. doi: 10.1016/j.trim.2006.09.007

			Annibali, O., Piccioni, L., Tomarchio, V., Circhetta, E., Sarlo, C., Franceschini, L., et al. (2018). Impact of IFN lambda 3/4 single nucleotide polymorphisms on the cytomegalovirus reactivation in autologous stem cell transplant patients. PLoS One 13 (7), e0200221. doi: 10.1371/journal.pone.0200221

			Arvin, A. M., Fast, P., Myers, M., Plotkin, S., Rabinovich, R., and National Vaccine Advisory Committee (2004). Vaccine development to prevent cytomegalovirus disease: report from the National Vaccine Advisory Committee. Clin. Infect. Dis. 39 (2), 233–239. doi: 10.1086/421999

			Asanuma, H., Numazaki, K., Nagata, N., and Chiba, S. (1995). Cytokine response and polymerase chain reaction study of peripheral blood mononuclear cells in infants with human cytomegalovirus infection. FEMS Immunol. Med. Microbiol. 12 (2), 153–158. doi: 10.1111/j.1574-695X.1995.tb00187.x

			Atalay, R., Zimmermann, A., Wagner, M., Borst, E., Benz, C., Messerle, M., et al. (2002). Identification and expression of human cytomegalovirus transcription units coding for two distinct Fcgamma receptor homologs. J. Virol. 76 (17), 8596–8608. doi: 10.1128/JVI.76.17.8596-8608.2002

			Beam, E., and Razonable, R. R. (2012). Cytomegalovirus in solid organ transplantation: epidemiology, prevention, and treatment. Curr. Infect. Dis. Rep. 14 (6), 633–641. doi: 10.1007/s11908-012-0292-2

			Bibert, S., Wojtowicz, A., Taffe, P., Manuel, O., Bernasconi, E., Furrer, H., et al. (2014). The IFNL3/4 DeltaG variant increases susceptibility to cytomegalovirus retinitis among HIV-infected patients. AIDS 28 (13), 1885–1889. doi: 10.1097/QAD.0000000000000379

			Biron, C. A., and Tarrio, M. L. (2015). Immunoregulatory cytokine networks: 60 years of learning from murine cytomegalovirus. Med. Microbiol. Immunol. 204 (3), 345–354. doi: 10.1007/s00430-015-0412-3

			Boehme, K. W., Guerrero, M., and Compton, T. (2006). Human cytomegalovirus envelope glycoproteins B and H are necessary for TLR2 activation in permissive cells. J. Immunol. 177 (10), 7094–7102. doi: 10.4049/jimmunol.177.10.7094

			Boppana, S. B., Fowler, K. B., Britt, W. J., Stagno, S., and Pass, R. F. (1999). Symptomatic congenital cytomegalovirus infection in infants born to mothers with preexisting immunity to cytomegalovirus. Pediatrics 104 (1 Pt 1), 55–60. doi: 10.1542/peds.104.1.55

			Boppana, S. B., Pass, R. F., Britt, W. J., Stagno, S., and Alford, C. A. (1992). Symptomatic congenital cytomegalovirus infection: neonatal morbidity and mortality. Pediatr. Infect. Dis. J. 11 (2), 93–99. doi: 10.1097/00006454-199202000-00007

			Bravo, D., Solano, C., Gimenez, E., Remigia, M. J., Corrales, I., Amat, P., et al. (2014). Effect of the IL28B Rs12979860 C/T polymorphism on the incidence and features of active cytomegalovirus infection in allogeneic stem cell transplant patients. J. Med. Virol. 86 (5), 838–844. doi: 10.1002/jmv.23865

			Cannon, M. J. (2009). Congenital cytomegalovirus (CMV) epidemiology and awareness. J. Clin. Virol. 46 Suppl 4, S6–S10. doi: 10.1016/j.jcv.2009.09.002

			Cervera, C., Lozano, F., Saval, N., Gimferrer, I., Ibanez, A., Suarez, B., et al. (2007). The influence of innate immunity gene receptors polymorphisms in renal transplant infections. Transplantation 83 (11), 1493–1500. doi: 10.1097/01.tp.0000264999.71318.2b

			Cobbs, C. S. (2011). Evolving evidence implicates cytomegalovirus as a promoter of malignant glioma pathogenesis. Herpesviridae 2 (1), 10. doi: 10.1186/2042-4280-2-10

			Cobbs, C. S., Harkins, L., Samanta, M., Gillespie, G. Y., Bharara, S., King, P. H., et al. (2002). Human cytomegalovirus infection and expression in human malignant glioma. Cancer Res. 62 (12), 3347–3350.

			Cope, A. V., Sabin, C., Burroughs, A., Rolles, K., Griffiths, P. D., and Emery, V. C. (1997). Interrelationships among quantity of human cytomegalovirus (HCMV) DNA in blood, donor-recipient serostatus, and administration of methylprednisolone as risk factors for HCMV disease following liver transplantation. J. Infect. Dis. 176 (6), 1484–1490. doi: 10.1086/514145

			Corrales, I., Gimenez, E., Solano, C., Amat, P., de la Camara, R., Nieto, J., et al. (2015). Incidence and dynamics of active cytomegalovirus infection in allogeneic stem cell transplant patients according to single nucleotide polymorphisms in donor and recipient CCR5, MCP-1, IL-10, and TLR9 genes. J. Med. Virol. 87 (2), 248–255. doi: 10.1002/jmv.24050

			Corrales, I., Solano, C., Amat, P., Gimenez, E., de la Camara, R., Nieto, J., et al. (2017). IL28B genetic variation and cytomegalovirus-specific T-cell immunity in allogeneic stem cell transplant recipients. J. Med. Virol. 89 (4), 685–695. doi: 10.1002/jmv.24676

			Crough, T., and Khanna, R. (2009). Immunobiology of human cytomegalovirus: from bench to bedside. Clin. Microbiol. Rev. 22 (1), 76–98. doi: 10.1128/CMR.00034-08

			Davison, A. J. (2007). “Overview of classification,” in Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. Eds. A. Arvin, G. Campadelli-Fiume, E. Mocarski, et al. (Cambridge: Cambridge University Press).

			Davison, A. J., and Bhella, D. (2007). “Comparative genome and virion structure,” in Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. Eds. A. Arvin, G. Campadelli-Fiume, E. Mocarski, et al. (Cambridge: Cambridge University Press).

			Deghaide, N. H., Rodrigues Mde, L., Castelli, E. C., Mendes-Junior, C. T., Figueiredo, J. F., and Donadi, E. A. (2009). Tumor necrosis factor region polymorphisms are associated with AIDS and with cytomegalovirus retinitis. AIDS 23 (13), 1641–1647. doi: 10.1097/QAD.0b013e32832e5591

			Dolan, A., Cunningham, C., Hector, R. D., Hassan-Walker, A. F., Lee, L., Addison, C., et al. (2004). Genetic content of wild-type human cytomegalovirus. J. Gen. Virol. 85 (Pt 5), 1301–1312. doi: 10.1099/vir.0.79888-0

			Dunn, J. P., and Jabs, D. A. (1995). Cytomegalovirus retinitis in AIDS: natural history, diagnosis, and treatment. AIDS Clin. Rev., 99–129.

			Egli, A., Levin, A., Santer, D. M., Joyce, M., O’Shea, D., Thomas, B. S., et al. (2014). Immunomodulatory Function of Interleukin 28B during primary infection with cytomegalovirus. J. Infect. Dis. 210 (5), 717–727. doi: 10.1093/infdis/jiu144

			Eldar-Yedidia, Y., Hillel, M., Cohen, A., Bar-Meir, M., Freier-Dror, Y., and Schlesinger, Y. (2017). Association of toll-like receptors polymorphism and intrauterine transmission of cytomegalovirus. PLoS One 12 (12), e0189921. doi: 10.1371/journal.pone.0189921

			Faist, B., Fleischer, B., and Jacobsen, M. (2010). Cytomegalovirus infection- and age-dependent changes in human CD8+ T-cell cytokine expression patterns. lin. Vaccine Immunol. 17 (6), 986–992. doi: 10.1128/CVI.00455-09

			Falagas, M. E., Arbo, M., Ruthazer, R., Griffith, J. L., Werner, B. G., Rohrer, R., et al. (1997). Cytomegalovirus disease is associated with increased cost and hospital length of stay among orthotopic liver transplant recipients. Transplantation 63 (11), 1595–1601. doi: 10.1097/00007890-199706150-00010

			Fernandez-Ruiz, M., Corrales, I., Arias, M., Campistol, J. M., Gimenez, E., Crespo, J., et al. (2015). Association between individual and combined SNPs in genes related to innate immunity and incidence of CMV infection in seropositive kidney transplant recipients. Am. J. Transplant. 15 (5), 1323–1335. doi: 10.1111/ajt.13107

			Fields, B. N., Knipe, D. M., Howley, P. M., and Griffin, D. E. (2001). Fields virology. Philadelphia: Lippincott Williams & Wilkins.

			Forconi, C., Gatault, P., Miquelestorena-Standley, E., Noble, J., Al-Hajj, S., Guillemain, R., et al. (2017). Polymorphism in programmed cell death 1 gene is strongly associated with lung and kidney allograft survival in recipients from CMV-positive donors. J. Heart Lung Transplant. 36 (3), 315–324. doi: 10.1016/j.healun.2016.08.014

			Franceschini, D., Paroli, M., Francavilla, V., Videtta, M., Morrone, S., Labbadia, G., et al. (2009). PD-L1 negatively regulates CD4+CD25+Foxp3+ Tregs by limiting STAT-5 phosphorylation in patients chronically infected with HCV. J. Clin. Invest. 119 (3), 551–564. doi: 10.1172/JCI36604

			Gallant, J. E., Moore, R. D., Richman, D. D., Keruly, J., and Chaisson, R. E. (1992). Incidence and natural history of cytomegalovirus disease in patients with advanced human immunodeficiency virus disease treated with zidovudine. The Zidovudine Epidemiology Study Group. J. Infect. Dis. 166 (6), 1223–1227. doi: 10.1093/infdis/166.6.1223

			Gaytant, M. A., Steegers, E. A., Semmekrot, B. A., Merkus, H. M., and Galama, J. M. (2002). Congenital cytomegalovirus infection: review of the epidemiology and outcome. Obstet. Gynecol. Surv. 57 (4), 245–256. doi: 10.1097/00006254-200204000-00024

			Griffiths, P. D., and Boeckh, M. (2007). “Antiviral therapy for human cytomegalovirus,” in Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. Eds. A. Arvin, G. Campadelli-Fiume, E. Mocarski, et al. (Cambridge: Cambridge University Press).

			Hamilton, S. T., Scott, G., Naing, Z., Iwasenko, J., Hall, B., Graf, N., et al. (2012). Human cytomegalovirus-induces cytokine changes in the placenta with implications for adverse pregnancy outcomes. PLoS One 7 (12), e52899. doi: 10.1371/journal.pone.0052899

			Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell 144 (5), 646–674. doi: 10.1016/j.cell.2011.02.013

			Harkins, L. E., Matlaf, L. A., Soroceanu, L., Klemm, K., Britt, W. J., Wang, W., et al. (2010). Detection of human cytomegalovirus in normal and neoplastic breast epithelium. Herpesviridae 1 (1), 8. doi: 10.1186/2042-4280-1-8

			Hayes, C. N., Imamura, M., Aikata, H., and Chayama, K. (2012). Genetics of IL28B and HCV–response to infection and treatment. Nat. Rev. Gastroenterol. Hepatol. 9 (7), 406–417. doi: 10.1038/nrgastro.2012.101

			Heiden, D., Ford, N., Wilson, D., Rodriguez, W. R., Margolis, T., Janssens, B., et al. (2007). Cytomegalovirus retinitis: the neglected disease of the AIDS pandemic. PLoS Med. 4 (12), e334. doi: 10.1371/journal.pmed.0040334

			Heineman, T. C. (2007). “Human cytomegalovirus vaccines,” in Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. Eds. A. Arvin, G. Campadelli-Fiume, E. Mocarski, et al. (Cambridge: Cambridge University Press).

			Ho, M. (1990). Epidemiology of cytomegalovirus infections. Rev. Infect. Dis. 12 Suppl 7, S701–S710. doi: 10.1093/clinids/12.Supplement_7.S701

			Hoffmann, T. W., Halimi, J. M., Buchler, M., Velge-Roussel, F., Goudeau, A., Al Najjar, A., et al. (2008). Association between a polymorphism in the IL-12p40 gene and cytomegalovirus reactivation after kidney transplantation. Transplantation 85 (10), 1406–1411. doi: 10.1097/TP.0b013e31816c7dc7

			Hoffmann, T. W., Halimi, J. M., Buchler, M., Velge-Roussel, F., Goudeau, A., Al-Najjar, A., et al. (2010). Association between a polymorphism in the human programmed death-1 (PD-1) gene and cytomegalovirus infection after kidney transplantation. J. Med. Genet. 47 (1), 54–58. doi: 10.1136/jmg.2009.068841

			Jablonska, A., Paradowska, E., Studzinska, M., Suski, P., Nowakowska, D., Wisniewska-Ligier, M., et al. (2014). Relationship between toll-like receptor 2 Arg677Trp and Arg753Gln and toll-like receptor 4 Asp299Gly polymorphisms and cytomegalovirus infection. Int. J. Infect. Dis. 25, 11–15. doi: 10.1016/j.ijid.2014.04.001

			Jabs, D. A. (1995). Ocular manifestations of HIV infection. Trans. Am. Ophthalmol. Soc. 93, 623–683.

			Jonjic, S., Pavic, I., Polic, B., Crnkovic, I., Lucin, P., and Koszinowski, U. H. (1994). Antibodies are not essential for the resolution of primary cytomegalovirus infection but limit dissemination of recurrent virus. J. Exp. Med. 179 (5), 1713–1717. doi: 10.1084/jem.179.5.1713

			Kang, S. H., Abdel-Massih, R. C., Brown, R. A., Dierkhising, R. A., Kremers, W. K., and Razonable, R. R. (2012). Homozygosity for the toll-like receptor 2 R753Q single-nucleotide polymorphism is a risk factor for cytomegalovirus disease after liver transplantation. J. Infect. Dis. 205 (4), 639–646. doi: 10.1093/infdis/jir819

			Kasztelewicz, B., Czech-Kowalska, J., Lipka, B., Milewska-Bobula, B., Borszewska-Kornacka, M. K., Romanska, J., et al. (2017). Cytokine gene polymorphism associations with congenital cytomegalovirus infection and sensorineural hearing loss. Eur. J. Clin. Microbiol. Infect. Dis. 36 (10), 1811–1818. doi: 10.1007/s10096-017-2996-6

			Kielsen, K., Enevold, C., Heilmann, C., Sengelov, H., Pedersen, A. E., Ryder, L. P., et al. (2018). Donor genotype in the interleukin-7 receptor alpha-chain predicts risk of graft-versus-host disease and cytomegalovirus infection after allogeneic hematopoietic stem cell transplantation. Front. Immunol. 9, 109. doi: 10.3389/fimmu.2018.00109

			Kijpittayarit, S., Eid, A. J., Brown, R. A., Paya, C. V., and Razonable, R. R. (2007). Relationship between Toll-like receptor 2 polymorphism and cytomegalovirus disease after liver transplantation. Clin. Infect. Dis. 44 (10), 1315–1320. doi: 10.1086/514339

			Kilpatrick, D. C. (2002). Mannan-binding lectin: clinical significance and applications. Biochim. Biophys. Acta 1572 (2-3), 401–413. doi: 10.1016/S0304-4165(02)00321-5

			Kim, W. R., Badley, A. D., Wiesner, R. H., Porayko, M. K., Seaberg, E. C., Keating, M. R., et al. (2000). The economic impact of cytomegalovirus infection after liver transplantation. Transplantation 69 (3), 357–361. doi: 10.1097/00007890-200002150-00008

			Koch, S., Larbi, A., Ozcelik, D., Solana, R., Gouttefangeas, C., Attig, S., et al. (2007). Cytomegalovirus infection: a driving force in human T cell immunosenescence. Ann. N. Y. Acad. Sci. 1114, 23–35. doi: 10.1196/annals.1396.043

			Koch, S., Solana, R., Dela Rosa, O., and Pawelec, G. (2006). Human cytomegalovirus infection and T cell immunosenescence: a mini review. Mech. Ageing Dev. 127 (6), 538–543. doi: 10.1016/j.mad.2006.01.011

			Kotenko, S. V. (2011). IFN-lambdas. Curr. Opin. Immunol. 23 (5), 583–590. doi: 10.1016/j.coi.2011.07.007

			Kotton, C. N. (2013). CMV: prevention, diagnosis and therapy. Am. J. Transplant. 13 Suppl 3, 24–40. doi: 10.1111/ajt.12006

			Kuparinen, T., Seppala, I., Jylhava, J., Marttila, S., Aittoniemi, J., Kettunen, J., et al. (2012). Genome-wide association study does not reveal major genetic determinants for anti-cytomegalovirus antibody response. Genes Immun. 13 (2), 184–190. doi: 10.1038/gene.2011.71

			Landini, M. P. (1993). New approaches and perspectives in cytomegalovirus diagnosis. Prog. Med. Virol. 40, 157–177.

			Liu, F., and Zhou, Z. H. (2007). “Comparative virion structures of human herpesviruses,” in Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. Eds. A. Arvin, G. Campadelli-Fiume, E. Mocarski, et al. (Cambridge: Cambridge University Press).

			Ljungman, P., Griffiths, P., and Paya, C. (2002). Definitions of cytomegalovirus infection and disease in transplant recipients. Clin. Infect. Dis. 34 (8), 1094–1097. doi: 10.1086/339329

			Loeffler, J., Steffens, M., Arlt, E. M., Toliat, M. R., Mezger, M., Suk, A., et al. (2006). Polymorphisms in the genes encoding chemokine receptor 5, interleukin-10, and monocyte chemoattractant protein 1 contribute to cytomegalovirus reactivation and disease after allogeneic stem cell transplantation. J. Clin. Microbiol. 44 (5), 1847–1850. doi: 10.1128/JCM.44.5.1847-1850.2006

			Lowance, D., Neumayer, H. H., Legendre, C. M., Squifflet, J. P., Kovarik, J., Brennan, P. J., et al. (1999). Valacyclovir for the prevention of cytomegalovirus disease after renal transplantation. International Valacyclovir Cytomegalovirus Prophylaxis Transplantation Study Group. N. Engl. J. Med. 340 (19), 1462–1470. doi: 10.1056/NEJM199905133401903

			Madsen, H. O., Garred, P., Thiel, S., Kurtzhals, J. A., Lamm, L. U., Ryder, L. P., et al. (1995). Interplay between promoter and structural gene variants control basal serum level of mannan-binding protein. J. Immunol. 155 (6), 3013–3020.

			Manuel, O., Pascual, M., Trendelenburg, M., and Meylan, P. R. (2007). Association between mannose-binding lectin deficiency and cytomegalovirus infection after kidney transplantation. Transplantation 83 (3), 359–362. doi: 10.1097/01.tp.0000251721.90688.c2

			Manuel, O., Wojtowicz, A., Bibert, S., Mueller, N. J., van Delden, C., Hirsch, H. H., et al. (2015). Influence of IFNL3/4 polymorphisms on the incidence of cytomegalovirus infection after solid-organ transplantation. J. Infect. Dis. 211 (6), 906–914. doi: 10.1093/infdis/jiu557

			McSharry, B. P., Avdic, S., and Slobedman, B. (2012). Human cytomegalovirus encoded homologs of cytokines, chemokines and their receptors: roles in immunomodulation. Viruses 4 (11), 2448–2470. doi: 10.3390/v4112448

			Mezger, M., Steffens, M., Semmler, C., Arlt, E. M., Zimmer, M., Kristjanson, G. I., et al. (2008). Investigation of promoter variations in dendritic cell-specific ICAM3-grabbing non-integrin (DC-SIGN) (CD209) and their relevance for human cytomegalovirus reactivation and disease after allogeneic stem-cell transplantation. Clin. Microbiol. Infect. 14 (3), 228–234. doi: 10.1111/j.1469-0691.2007.01902.x

			Mitsani, D., Nguyen, M. H., Girnita, D. M., Spichty, K., Kwak, E. J., Silveira, F. P., et al. (2011). A polymorphism linked to elevated levels of interferon-gamma is associated with an increased risk of cytomegalovirus disease among Caucasian lung transplant recipients at a single center. J. Heart Lung Transplant. 30 (5), 523–529. doi: 10.1016/j.healun.2010.11.008

			Morell, A., Scherz, R., Kaser, H., and Skvaril, F. (1977). Evidence for an association between uncommon Gm phenotypes and neuroblastoma. Lancet 1 (8001), 23–24. doi: 10.1016/S0140-6736(77)91657-9

			Muntasell, A., Vilches, C., Angulo, A., and Lopez-Botet, M. (2013). Adaptive reconfiguration of the human NK-cell compartment in response to cytomegalovirus: a different perspective of the host-pathogen interaction. Eur. J. Immunol. 43 (5), 1133–1141. doi: 10.1002/eji.201243117

			Murphy, E., Rigoutsos, I., Shibuya, T., and Shenk, T. E. (2003a). Reevaluation of human cytomegalovirus coding potential. Proc. Natl. Acad. Sci. U.S.A. 100 (23), 13585–13590. doi: 10.1073/pnas.1735466100

			Murphy, E., Yu, D., Grimwood, J., Schmutz, J., Dickson, M., Jarvis, M. A., et al. (2003b). Coding potential of laboratory and clinical strains of human cytomegalovirus. Proc. Natl. Acad. Sci. U.S.A. 100 (25), 14976–14981. doi: 10.1073/pnas.2136652100

			Nabekura, T., and Lanier, L. L. (2016). Tracking the fate of antigen-specific versus cytokine-activated natural killer cells after cytomegalovirus infection. J. Exp. Med. 213 (12), 2745–2758. doi: 10.1084/jem.20160726

			Namboodiri, A. M., and Pandey, J. P. (2011). The human cytomegalovirus TRL11/IRL11-encoded FcgammaR binds differentially to allelic variants of immunoglobulin G1. Arch. Virol. 156 (5), 907–910. doi: 10.1007/s00705-011-0937-8

			Pandey, J. P., Kistner-Griffin, E., Iwasaki, M., Bu, S., Deepe, R., Black, L., et al. (2012). Genetic markers of immunoglobulin G and susceptibility to breast cancer. Hum. Immunol. 73 (11), 1155–1158. doi: 10.1016/j.humimm.2012.07.340

			Pandey, J. P. (2014a). Immunoglobulin GM genes, cytomegalovirus immunoevasion, and the risk of glioma, neuroblastoma, and breast cancer. Front. Oncol. 4, 236. doi: 10.3389/fonc.2014.00236

			Pandey, J. P., Kaur, N., Costa, S., Amorim, J., Nabico, R., Linhares, P., et al. (2014b). Immunoglobulin genes implicated in glioma risk. Oncoimmunology 3, e28609. doi: 10.4161/onci.28609

			Pandey, J. P., Kistner-Griffin, E., Radwan, F. F., Kaur, N., Namboodiri, A. M., Black, L., et al. (2014c). Immunoglobulin genes influence the magnitude of humoral immunity to cytomegalovirus glycoprotein B. J. Infect. Dis. 210 (11), 1823–1826. doi: 10.1093/infdis/jiu367

			Pandey, J. P., Gao, G., Namboodiri, A. M., Iwasaki, M., Kasuga, Y., Hamada, G. S., et al. (2016). Humoral immunity to cytomegalovirus glycoprotein B in patients with breast cancer and matched controls: contribution of immunoglobulin gamma, kappa, and Fcgamma receptor genes. J. Infect. Dis. 213 (4), 611–617. doi: 10.1093/infdis/jiv472

			Pandey, J. P., Namboodiri, A. M., Mohan, S., Nietert, P. J., and Peterson, L. (2017). Genetic markers of immunoglobulin G and immunity to cytomegalovirus in patients with breast cancer. Cell Immunol. 312, 67–70. doi: 10.1016/j.cellimm.2016.11.003

			Paradowska, E., Jablonska, A., Studzinska, M., Skowronska, K., Suski, P., Wisniewska-Ligier, M., et al. (2016). TLR9 -1486T/C and 2848C/T SNPs are associated with human cytomegalovirus infection in infants. PLoS One 11 (4), e0154100. doi: 10.1371/journal.pone.0154100

			Pass, R. F. (1985). Epidemiology and transmission of cytomegalovirus. J. Infect. Dis. 152 (2), 243–248. doi: 10.1093/infdis/152.2.243

			Pawelec, G. (2014). Immunosenenescence: role of cytomegalovirus. Exp. Gerontol. 54, 1–5. doi: 10.1016/j.exger.2013.11.010

			Pawelec, G., Derhovanessian, E., Larbi, A., Strindhall, J., and Wikby, A. (2009). Cytomegalovirus and human immunosenescence. Rev. Med. Virol. 19 (1), 47–56. doi: 10.1002/rmv.598

			Piao, Z., Kim, H. J., Choi, J. Y., Hong, C. R., Lee, J. W., Kang, H. J., et al. (2016). Effect of FOXP3 polymorphism on the clinical outcomes after allogeneic hematopoietic stem cell transplantation in pediatric acute leukemia patients. Int. Immunopharmacol. 31, 132–139. doi: 10.1016/j.intimp.2015.12.022

			Plotkin, S. A. (2002). Is there a formula for an effective CMV vaccine? J. Clin. Virol. 25 Suppl 2, S13–S21. doi: 10.1016/S1386-6532(02)00093-8

			Plotkin, S. A. (2004). Congenital cytomegalovirus infection and its prevention. Clin. Infect. Dis. 38 (7), 1038–1039. doi: 10.1086/382542

			Plotkin, S. A., and Boppana, S. B. (2018). Vaccination against the human cytomegalovirus. Vaccine. doi: 10.1016/j.vaccine.2018.02.089

			Plotkin, S. A., Higgins, R., Kurtz, J. B., Morris, P. J., Campbell, D. A., Jr., Shope, T. C., et al. (1994). Multicenter trial of Towne strain attenuated virus vaccine in seronegative renal transplant recipients. Transplantation 58 (11), 1176–1178. doi: 10.1097/00007890-199412270-00006

			Ramanan, P., and Razonable, R. R. (2013). Cytomegalovirus infections in solid organ transplantation: a review. Infect. Chemother. 45 (3), 260–271. doi: 10.3947/ic.2013.45.3.260

			Razonable, R. R. (2005). Epidemiology of cytomegalovirus disease in solid organ and hematopoietic stem cell transplant recipients. Am. J. Health Syst. Pharm. 62 (8 Suppl 1), S7–S13. doi: 10.1093/ajhp/62.suppl_1.S7

			Reddehase, M. J. (2013). Cytomegaloviruses: from molecular pathogenesis to intervention. Norfolk: Caister academic Press.

			Rohn, H., Tomoya Michita, R., Schwich, E., Dolff, S., Gackler, A., Trilling, M., et al. (2018). The donor major histocompatibility complex class I chain-related molecule A allele rs2596538 G predicts cytomegalovirus viremia in kidney transplant recipients. Front. Immunol. 9, 917. doi: 10.3389/fimmu.2018.00917

			Rubicz, R., Yolken, R., Drigalenko, E., Carless, M. A., Dyer, T. D., Kent, J., Jr., et al. (2015). Genome-wide genetic investigation of serological measures of common infections. Eur. J. Hum. Genet. 23 (11), 1544–1548. doi: 10.1038/ejhg.2015.24

			Schleiss, M. R., Bourne, N., Stroup, G., Bravo, F. J., Jensen, N. J., and Bernstein, D. I. (2004). Protection against congenital cytomegalovirus infection and disease in guinea pigs, conferred by a purified recombinant glycoprotein B vaccine. J. Infect. Dis. 189 (8), 1374–1381. doi: 10.1086/382751

			Schleiss, M. R., Stroup, G., Pogorzelski, K., and McGregor, A. (2006). Protection against congenital cytomegalovirus (CMV) disease, conferred by a replication-disabled, bacterial artificial chromosome (BAC)-based DNA vaccine. Vaccine 24 (37-39), 6175–6186. doi: 10.1016/j.vaccine.2006.06.077

			Schoppel, K., Schmidt, C., Einsele, H., Hebart, H., and Mach, M. (1998). Kinetics of the antibody response against human cytomegalovirus-specific proteins in allogeneic bone marrow transplant recipients. J. Infect. Dis. 178 (5), 1233–1243. doi: 10.1086/314428

			Scott, G. M., Chow, S. S., Craig, M. E., Pang, C. N., Hall, B., Wilkins, M. R., et al. (2012). Cytomegalovirus infection during pregnancy with maternofetal transmission induces a proinflammatory cytokine bias in placenta and amniotic fluid. J. Infect. Dis. 205 (8), 1305–1310. doi: 10.1093/infdis/jis186

			Sester, U., Presser, D., Dirks, J., Gartner, B. C., Kohler, H., and Sester, M. (2008). PD-1 expression and IL-2 loss of cytomegalovirus- specific T cells correlates with viremia and reversible functional anergy. Am. J. Transplant. 8 (7), 1486–1497. doi: 10.1111/j.1600-6143.2008.02279.x

			Sezgin, E., Van Natta, M. L., Thorne, J. E., Puhan, M. A., Jabs, D. A., and Longitudinal Studies of the Ocular Complications od AIDS (SOCA) Research Group. (2018). Secular trends in opportunistic infections, cancers and mortality in patients with AIDS during the era of modern combination antiretroviral therapy. HIV Med. 19 (6), 411–419. doi: 10.1111/hiv.12609

			Sezgin, E., Jabs, D. A., Hendrickson, S. L., Van Natta, M., Zdanov, A., Lewis, R. A., et al. (2010). Effect of host genetics on the development of cytomegalovirus retinitis in patients with AIDS. J. Infect. Dis. 202 (4), 606–613. doi: 10.1086/654814

			Sezgin, E., van Natta, M. L., Ahuja, A., Lyon, A., Srivastava, S., Troyer, J. L., et al. (2011). Association of host genetic risk factors with the course of cytomegalovirus retinitis in patients infected with human immunodeficiency virus. Am. J. Ophthalmol. 151 (6), 999–1006 e1004. doi: 10.1016/j.ajo.2010.11.029

			Sharpe, A. H., Wherry, E. J., Ahmed, R., and Freeman, G. J. (2007). The function of programmed cell death 1 and its ligands in regulating autoimmunity and infection. Nat. Immunol. 8 (3), 239–245. doi: 10.1038/ni1443

			Shin, L. Y., Sheth, P. M., Persad, D., Kovacs, C., Kain, T., Diong, C., et al. (2014). Impact of CMV therapy with valganciclovir on immune activation and the HIV viral load in semen and blood: an observational clinical study. J. Acquir. Immune Defic. Syndr. 65 (3), 251–258. doi: 10.1097/01.qai.0000435256.34306.c1

			Stagno, S., and Cloud, G. A. (1990). Changes in the epidemiology of cytomegalovirus. Adv. Exp. Med. Biol. 278, 93–104. doi: 10.1007/978-1-4684-5853-4_10

			Stagno, S., Dworsky, M. E., Torres, J., Mesa, T., and Hirsh, T. (1982a). Prevalence and importance of congenital cytomegalovirus infection in three different populations. J. Pediatr. 101 (6), 897–900. doi: 10.1016/S0022-3476(82)80006-1

			Stagno, S., Pass, R. F., Dworsky, M. E., and Alford, C. A., Jr. (1982b). Maternal cytomegalovirus infection and perinatal transmission. Clin. Obstet. Gynecol. 25 (3), 563–576. doi: 10.1097/00003081-198209000-00014

			Stagno, S., Pass, R. F., Dworsky, M. E., Henderson, R. E., Moore, E. G., Walton, P. D., et al. (1982c). Congenital cytomegalovirus infection: the relative importance of primary and recurrent maternal infection. N. Engl. J. Med. 306 (16), 945–949. doi: 10.1056/NEJM198204223061601

			Stern-Ginossar, N., Weisburd, B., Michalski, A., Le, V. T., Hein, M. Y., Huang, S. X., et al. (2012). Decoding human cytomegalovirus. Science 338 (6110), 1088–1093. doi: 10.1126/science.1227919

			Szala, A., Paradowska, E., Nowakowska, D., Swierzko, A. S., Dzierzanowska-Fangrat, K., Sokolowska, A., et al. (2011). Mannan-binding lectin-2 (MBL2) gene polymorphisms in prenatal and perinatal cytomegalovirus infections. Mol. Immunol. 48 (15-16), 2203–2206. doi: 10.1016/j.molimm.2011.06.220

			Taher, C., de Boniface, J., Mohammad, A. A., Religa, P., Hartman, J., Yaiw, K. C., et al. (2013). High prevalence of human cytomegalovirus proteins and nucleic acids in primary breast cancer and metastatic sentinel lymph nodes. PLoS One 8 (2), e56795. doi: 10.1371/journal.pone.0056795

			Taniguchi, R., Koyano, S., Suzutani, T., Goishi, K., Ito, Y., Morioka, I., et al. (2013). Polymorphisms in TLR-2 are associated with congenital cytomegalovirus (CMV) infection but not with congenital CMV disease. Int. J. Infect. Dis. 17 (12), e1092–e1097. doi: 10.1016/j.ijid.2013.06.004

			van de Berg, P. J., Heutinck, K. M., Raabe, R., Minnee, R. C., Young, S. L., van Donselaar-van der Pant, K. A., et al. (2010). Human cytomegalovirus induces systemic immune activation characterized by a type 1 cytokine signature. J. Infect. Dis. 202 (5), 690–699. doi: 10.1086/655472

			Vora, S. B., Brothers, A. W., Waghmare, A., and Englund, J. A. (2018). Antiviral combination therapy for cytomegalovirus infection in high-risk infants. Antivir. Ther. (Lond.). 23 (6), 505–511. doi: 10.3851/IMP3238

			Vu, D., Shah, T., Ansari, J., Sakharkar, P., Yasir, Q., Naraghi, R., et al. (2014). Interferon-gamma gene polymorphism +874 A/T is associated with an increased risk of cytomegalovirus infection among Hispanic renal transplant recipients. Transpl. Infect. Dis. 16 (5), 724–732. doi: 10.1111/tid.12285

			Whitley, R. J. (2004). Congenital cytomegalovirus infection: epidemiology and treatment. Adv. Exp. Med. Biol. 549, 155–160. doi: 10.1007/978-1-4419-8993-2_21

			Wills, M. R., Carmichael, A. J., Sinclair, J., and Sissons, J. P. (2007). “Immunobiology and host response,” in Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. Eds. A. Arvin, G. Campadelli-Fiume, E. Mocarski, et al. (Cambridge: Cambridge University Press).

			Wistuba-Hamprecht, K., Frasca, D., Blomberg, B., Pawelec, G., and Derhovanessian, E. (2013). Age-associated alterations in gammadelta T-cells are present predominantly in individuals infected with Cytomegalovirus. Immun. Ageing 10 (1), 26. doi: 10.1186/1742-4933-10-26

			Wolmer-Solberg, N., Baryawno, N., Rahbar, A., Fuchs, D., Odeberg, J., Taher, C., et al. (2013). Frequent detection of human cytomegalovirus in neuroblastoma: a novel therapeutic target? Int. J. Cancer 133 (10), 2351–2361. doi: 10.1002/ijc.28265

			Wu, X., Yao, Y., Bao, X., Zhou, H., Tang, X., Han, Y., et al. (2016). KIR2DS4 and its variant KIR1D are associated with acute graft-versus-host disease, cytomegalovirus, and overall survival after sibling-related HLA-matched transplantation in patients with donors with KIR gene haplotype A. Biol. Blood Marrow Transplant. 22 (2), 220–225. doi: 10.1016/j.bbmt.2015.10.004

			Wun, C. M., Piao, Z., Hong, K. T., Choi, J. Y., Hong, C. R., Park, J. D., et al. (2017). Effect of donor STAT4 polymorphism rs7574865 on clinical outcomes of pediatric acute leukemia patients after hematopoietic stem cell transplant. Int. Immunopharmacol. 43, 62–69. doi: 10.1016/j.intimp.2016.12.007

			Wujcicka, W., Paradowska, E., Studzinska, M., Wilczynski, J., and Nowakowska, D. (2017a). TLR2 2258 G > A single nucleotide polymorphism and the risk of congenital infection with human cytomegalovirus. Virol. J. 14 (1), 12. doi: 10.1186/s12985-016-0679-z

			Wujcicka, W., Paradowska, E., Studzinska, M., Wilczynski, J., and Nowakowska, D. (2017b). Toll-like receptors genes polymorphisms and the occurrence of HCMV infection among pregnant women. Virol. J. 14 (1), 64. doi: 10.1186/s12985-017-0730-8

			Wujcicka, W., Wilczynski, J., Paradowska, E., Studzinska, M., and Nowakowska, D. (2017c). The role of single nucleotide polymorphisms, contained in proinflammatory cytokine genes, in the development of congenital infection with human cytomegalovirus in fetuses and neonates. Microb. Pathog. 105, 106–116. doi: 10.1016/j.micpath.2017.02.017

			Wujcicka, W. I., Wilczynski, J. S., and Nowakowska, D. E. (2017d). Association of SNPs from IL1A, IL1B, and IL6 genes with human cytomegalovirus infection among pregnant women. Viral Immunol. 30 (4), 288–297. doi: 10.1089/vim.2016.0129

			Zeevi, A., Spichty, K., Banas, R., Cai, J., Donnenberg, V. S., Donnenberg, A. D., et al. (1999). Clinical significance of cytomegalovirus-specific T helper responses and cytokine production in lung transplant recipients. Intervirology 42 (5–6), 291–300. doi: 10.1159/000053963

			Zelini, P., Lilleri, D., Comolli, G., Rognoni, V., Chiesa, A., Fornara, C., et al. (2010). Human cytomegalovirus-specific CD4(+) and CD8(+) T-cell response determination: comparison of short-term (24h) assays vs long-term (7-day) infected dendritic cell assay in the immunocompetent and the immunocompromised host. Clin. Immunol. 136 (2), 269–281. doi: 10.1016/j.clim.2010.04.008

			Conflict of Interest Statement: PA and CW are employees of Leidos Biomedical Research, Inc., and declare no competing interest.

			The remaining authors declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

			Copyright © 2019 Sezgin, An and Winkler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

		

OEBPS/Images/tbl1a.jpg
Prnchpe  Guw Verntigenotpe
——
o e
cocamcipity
T —
S e
e 005
o 2865
iy
o e
e

jregeggooe

i

Sample e

5

EEEEEEE

e

Gt rmeosin
fr it

P

Lomereamcrn

oo

iy

st
tuconen

pucs s

ot

oot

e

s moassorn

s

[
et
-
S

P
Py e
s
Prys.

wgas

i





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/tbl1b.jpg
s
jreeee

frr e

-

Py

Supman

Gamens

e

g

e

o
ety

poemioumuauaeel

ncsone ot s
sy
g ans
o uotel
it
iz anen
ot 8

[om—

oo iy
[

[

s

Pansraetro gl

4

P———

R

P

s

e

ey

e
e
Sona iy

Pe——

ot 21

s

o 0





OEBPS/Images/tbl1d.jpg
8 g

3

TR

$ 0§ 88% 3 533

oo

sty
o,
o zacsn
Pt
Bsson
Gamtse,

st
peorat)

E2cn
ey
e
ity

e
g
-

e
s

s
-t
ree—

e pzmio
=

2gzamto
=

Prev—

PrTee—

or2em 3
et

ISR LA

—

Py
o
[

P
Prin 300

st

[—

[ —

o

fresamatrey

e s

o

:

H

HER

£58

<amor

Pt

[

.
r———

e o

mpna
=

e
=
rea s

o
o

po .
S
A
oty

[r—
esrsaas.
s o

s oy

[
~a
pre———

oy





OEBPS/Images/fgene.2019.00616_cover.jpg
’ frontiers
in Genetics

Host Genetics of Cytomegalovirus
Pathogenesis





OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/tbl1e.jpg
- R o S A

i e ey Vot

Rt

oz mn o 20020

!

e - PR
o et o

i

e o L T S R T e —

s st st o Vs s s S 5 o st e i, b e o e s

G151 bnmsogen ity o
koo et k- SRR





OEBPS/Images/Figure_1.jpg
Vertical transmission

Humoral Immunity

A B IL-1A
IL-1B
IL-6
ccL2
TLR2 TLR4 TNF
TLR9
CD209
1 (DC-SIGN)
Differential neutralizing IFNG CCR5
antibody response IL-12B zggzm- IENL3 CXCL12
against HCMV KIR2DS4 IENLA IL-10R1
1 MBL2 7 IL-10
! MICA STATA
b FOXP3

Protection against HCMV
disease and transmission

HCMV disease in Transplantation HCMV disease in HIV infection





OEBPS/Images/tbl1c.jpg
e

P
L

s

o

i

Po—
e a—
e a—

NIRRT NN

maron oot
s 001
st 0003

s om0
s

s ot

H

[N ¥

oot
oot
St

HE

Pev—

o et

ot

i

rasdeion

jrameion

)

i

o

fraideion

et

sy

oo
i

[——

(s 0
e
r——
om0
ot 8
o
oy 0
[
P

(ns

P

p——
p——
p——
p——





