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Abstract 

 

Acute lymphoblastic leukemia (ALL) is the most prevalent pediatric malignancy, and a 

leading cause of death in children. Understanding the risk factors of pediatric ALL is 

necessary to enable early detection and prevention. Congenital cytomegalovirus (cCMV) 

has recently been identified as a possible risk factor of ALL. In Manuscript 1, we 

compared the prevalence of cCMV infection in newborn dried blood spots of ALL cases 

and cancer-free controls. There was no difference in the odds of cCMV infection 

comparing ALL cases to controls in our primary analysis. However, cCMV was 

significantly more prevalent among hyperdiploid ALL cases compared to unmatched 

controls. These findings offer partial support for the association of cCMV with ALL. 

CMV is among the most common viral infections following solid organ transplantation 

(SOT). CMV disease post-SOT has been associated with an increased risk of subsequent 

non-Hodgkin lymphoma but has not been well-studied for other hematologic 

malignancies. In Manuscript 2, we aimed to describe CMV infection status pre-transplant 

as it relates to the incidence of leukemias, lymphomas, and myeloma. We identified that 

CMV recipient and donor sero-mismatch (R-/D+) was associated with significantly lower 

risk of diffuse large B-cell lymphoma compared to CMV seronegative R/D pairs, 

indicating CMV may have a protective role in carcinogenesis.  

Lastly, in Manuscript 3, we leveraged the same dataset as Manuscript 2 to examine 

associations of CMV with solid tumor cancer risk among SOT recipients. Using linked 

data from the United States SOT registry and 32 cancer registries, we report an inverse 

association between R-/D+ CMV serostatus and small intestine cancer, and a positive 
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association between CMV R+ serostatus and lung cancer. CMV status was not associated 

with risk for other cancers.  

Findings from this dissertation may motivate and inform future work to further 

understand the relationship between this highly prevalent virus and cancer.     
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Chapter 1:  Introduction 

Epidemiology of CMV Infection 

Cytomegalovirus (CMV) is a member of the herpesvirus family (HHV 5), of 

which there are 7 other human pathogens that cause disease in humans, including Herpes 

Simplex viruses types 1 and 2, Epstein-Barr virus, Varicella-Zoster virus, and Human 

Herpes Viruses 6, 7, and 8. Like all herpesviruses, CMV is able to establish lifelong 

latency in the host and can periodically undergo reactivation and is then transmissible to 

susceptible individuals via exchange of bodily fluids.1–4 In immunocompetent adults, 

primary CMV infection is typically asymptomatic. However, infection may manifest as 

CMV mononucleosis. Hallmark symptoms of CMV mononucleosis include fever, 

fatigue, lymphocytosis, and mild elevation of liver enzymes. 

 

Mode of Acquisition 

 

 There are several modes by which CMV can be acquired, however, all require 

close or intimate contact with persons who are excreting CMV in their urine, saliva, 

semen, tears, blood, or other bodily fluids. Maternal transmission to the fetus through 

either a new or reactivated latent infection may occur at any point during gestation, 

leading to congenital CMV (cCMV) infection.5 In infancy and toddlerhood, CMV may be 

transmitted by breastmilk, saliva, or urine.6–10 Attendance at group daycare centers has 

been attributed to the spread of CMV infection in young children.11–14  During 

adolescence and adulthood, transmission is typically through oral or sexual contact.15 

However, individuals who work with young children in childcare or hospital settings are 
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also at risk for acquiring CMV through contact with infected urine and saliva.11,16 Finally, 

CMV may be acquired through either blood transfusion or organ transplantation. Studies 

have demonstrated that transfusion-associated CMV infections are associated with receipt 

of blood from CMV seropositive donors.17 Likewise, in bone marrow and solid organ 

transplantation, recipients are at a significant risk for CMV infection through infected 

tissue from a seropositive donor. In the case of a CMV seropositive donor and 

seronegative recipient, primary infection develops in 65 – 75% of recipients.5 

Additionally, there is also the risk of reactivated CMV infection due to sustained 

immunosuppressive therapies. As a result, CMV infection in immunodeficient 

individuals poses a significant risk of morbidity and mortality.   

 

Risk Factors  

 

 The prevalence of CMV varies by demographic characteristics, including age, 

geographic location, race/ethnicity, sex, and socioeconomic status (SES). In the first two 

years of life, the prevalence of CMV is roughly 15-20%18,19 and is often reflective of in 

utero or perinatal infection. CMV seroprevalence then gradually increases with age, from 

about 36% in 6-11 year old, to nearly 90% in individuals 80 years or greater.20 An overall 

global seroprevalence of CMV of approximately 80% has been reported, with higher 

rates of seropositivity in the Eastern Mediterranean region and lower rates (~65%) in 

Europe.21 In Africa and Asia, the seroprevalence is nearly 100%.22  

  Racial and ethnic differences in CMV infection status have also been described in 

the US. CMV seroprevalence has been shown to be almost 60% higher among non-white 

groups compared to whites (prevalence ratio (PR): 1.59, 95% CI: 1.57-1.61). Data from 
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the National Health and Nutrition Examination Survey (NHANES) 1999-2004 revealed 

that age-adjusted  CMV seroprevalence among non-Hispanic white individuals was 

39.5% compared to 70.6% in non-Hispanic black persons, and 76.9% in Mexican 

Americans.23 Seroprevalence was also higher in females in all racial and ethnic groups, to 

which the overall seroprevalence was 55.5% compared to 45.2% among males.23 The 

trend of seroprevalence by sex and race/ethnicity across age is shown in  The role of 

CMV as an etiologic agent for leukemia has only recently emerged and remains largely 

unexamined. Given the oncogenic potential of CMV, it is warranted to evaluate the 

association between CMV infection and malignancy. In this dissertation, we aimed to 

contribute to this knowledge base by first conducting a large, population-based study of 

ALL cases and cancer-free controls in order to replicate the findings by Francis et al. to 

describe the association between congenital CMV infection and leukemia.  Secondly, we 

sought to assess the role of CMV infection and hematologic and solid tumor cancers in 

the setting of solid organ transplantation, as there is a high risk for CMV infection 

following transplantation. Overall, our findings are poised to elucidate CMV as a 

modifiable risk factor in the pathogenesis of ALL. Thus, these data could provide 

rationale for a CMV vaccine for disease reduction in congenital and post-transplant CMV 

infection and indirectly the burden of ALL.  

 In Manuscript 1, we aimed to compare CMV prevalence at birth in newborn dried 

bloodspots of 1,189 ALL cases to that in 4,756 cancer-free controls. Controls were 

matched 4:1 on year of birth, sex, and mother’s reported race/ethnicity. Detection of 

CMV DNA was performed using quantitative PCR. Odds ratios and 95% confidence 

intervals were estimated from conditional logistic regression. We conducted a stratified 

analysis by cases with available immunophenotype and cytogenetic subtype data. We 

also stratified by demographic and birth characteristics.    

 Manuscripts 2 and 3 utilized data from the Transplant Cancer Match Study 

(TCM) by the National Cancer Institute. In Manuscript 2, we aimed to characterize the 

association between CMV infection and the incidence of leukemia and other hematologic 

malignancies among solid organ transplant recipients. The TCM uses electronically 

linked transplant data from the Scientific Registry of Transplant Recipients and 32 cancer 
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registries with coverage between 1987 -2017. Transplant recipients previously 

characterized through linkage of the SRTR with known CMV serostatus were included. 

CMV serostatus was categorized into three risk groups according to SRTR data on 

pretransplant IgG serostatus of donors and recipients, to reflect risk of active CMV 

infection and disease post-transplant: high risk (recipient seronegative and donor 

seropositive [R-/D+]), intermediate risk (recipient seropositive regardless of donor 

serostatus [R+]), and low risk (recipient and donor seronegative [R-/D-]). Incidence rate 

ratios and 95% confidence intervals comparing the risk of cancer among CMV exposed 

individuals to those unexposed were estimated by Poisson regression adjusted for sex, 

age at transplantation, race/ethnicity, SES quintile, transplanted organ (kidney, liver, or 

other/multiple), and EBV risk group.  

 In Manuscript 3, we utilized the same database to ascertain the association 

between CMV infection and the incidence of solid tumor malignancies among solid 

organ transplant recipients. We calculated incidence rates for each cancer for recipients in 

each CMV risk group. To compare cancer risk by CMV risk group, we estimated 

incidence rate ratios using multivariable Poisson regression models adjusted for sex, age 

at transplantation, race/ethnicity, SES quintile, transplanted organ (kidney, liver, or 

other/multiple), and EBV risk group. 
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Figure 1- 1.  

 Other sources for the disparities in CMV seroprevalence are factors associated 

with SES. Household income has been directly associated with CMV seroprevalence, 

with lower income having the highest prevalence and the lowest rates among the highest 

household incomes.23 An inverse relationship between a higher level of education and 

CMV seroprevalence has also been reported. Household crowding is also significantly 

associated with CMV seropositivity, with seroprevalence increasing with the level of 

crowding.20,23,24  

Congenital and Perinatal Infection 

CMV is the most prevalent congenital infection in the United States occurring in 

0.5%-2% of all live births depending on socioeconomic status and race/ethnicity (Figure 

1- 2).25,26 Currently it is estimated that 40,000 infants are born with cCMV annually in 

the US27,28 and between 15-20% of these infants will have a permanent developmental 

deficit.29,30 The impact of cCMV as a cause of disability among newborns is greater than 

that of fetal alcohol syndrome, Down syndrome, spina bifida, or pediatric HIV/AIDS.31–33 



 

 

6 

Transmission of CMV during pregnancy predominantly occurs either through 

reactivation of latent infection or primary infection. Risk of congenital infection is higher 

for seronegative women who have a primary CMV infection during pregnancy than for 

seropositive women who experience a reactivation or reinfection.20,34,35 Each year in the 

US, it is estimated that 2.3% of all pregnant women acquire a primary CMV infection 

and among these women, 40-60% of their infants will be congenitally infected.34,36,37 In 

contrast, women who are seropositive prior to pregnancy transmit CMV to the fetus in 

only 1-2% of pregnancies.35 

Among infants with cCMV infection, all are at risk for sequelae, particularly 

sensorineural hearing loss (SNHL).38 Those with symptomatic infection at birth, such as 

thrombocytopenia, petechiae, jaundice, and/or liver disease, have a higher risk of severe 

long-term sequelae, including mental retardation, microcephaly, developmental delay, 

and SNHL.38 The risk of sequelae in infants with asymptomatic cCMV is believed to be 

limited to SNHL, with a risk of approximately 15%.38 However, it is becoming 

increasingly clear that this likely a significant underestimate of the true prevalence of 

sequelae in infants asymptomatic at birth, and that long-term disabilities may include 

subtle neurodevelopmental deficits that previously have not been identified as CMV-

associated due to the lack of universal cCMV screening at birth. Currently, it is not well 

understood why some infants with cCMV develop symptomatic infection and subsequent 

sequelae at greater rates than other children.  
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Solid Organ Transplantation 

CMV is among the most common viral infections following solid organ 

transplantation (SOT) and is associated with severe symptomatic disease and allograft 

rejection, leading to rapid organ failure and death.39–41 The occurrence of disease by 

CMV infection in SOT recipients varies according to pre-transplant donor/recipient CMV 

serostatus, intensity of immunosuppression, and the organ transplanted. 42 The greatest 

risk factor for CMV disease post-SOT occurs when the recipient develops primary CMV 

infection under sustained immunosuppressive regimens for transplantation.43,44 Primary 

infection can occur if the recipient is CMV seronegative at the time of transplant, either 

following transmission in the community or especially when transmitted from a 

transplant donor who is CMV seropositive.  

CMV disease after SOT can manifest as fever, leukopenia, thrombocytopenia, or 

systemic syndrome, affecting many organs.39–41 CMV may also contribute to cancer in 

SOT recipients. It has been reported that CMV seronegative transplant recipients who 

receive a CMV positive organ have elevated risk of post-transplant lymphoproliferative 

disorder (PTLD, a spectrum of conditions that includes lymphoma).45,46 In a study of 

liver recipients who seroconverted to Epstein-Barr virus (EBV), CMV disease was 

reported in 54% of patients who developed PTLD but in only 18% of patients who did 

not develop PTLD.47 In addition, hospitalization for CMV disease during the first year 

post-transplant has been associated with subsequent risk of non-Hodgkin lymphoma 

(NHL).48 The relationship between CMV infection and other cancers after SOT is not 

well-defined.  
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Pathogenesis  

CMV viral genotypes   

Variation of CMV viral genes have been proposed as a possible mechanism of 

cCMV disease severity due to the genetic variability of CMV strains.49–51 The double-

stranded DNA (dsDNA) genome of CMV consists of unique long (UL) and short (US) 

segments, each flanked by inverted repeat sequences (IRL and IRS)().52 Within these 

regions, CMV encodes for proteins responsible for various functions, including 

immunomodulation and virulence. Several genes have been identified that demonstrate 

hypervariability in clinical isolates among congenitally infection children, including 

UL144, UL146, UL55, and UL9.  

UL144 is a truncated tumor necrosis factor-∝-like receptor gene responsible for 

inhibition of T cell proliferation and induction of chemokines via the NF-kB signaling 

pathway. 53,54 Three genotypes in UL144 polymorphisms have been identified through 

sequencing studies – A, B, and C – of which genotype B is the most prevalent.53,55–57 

Genotype C has been associated with severe cCMV disease in newborns compared to 

those with asymptomatic infection.53,58 These differences may relate to differences in NF-

kB signaling, attributable to the highly divergent coding sequence (particularly in the 

COOH-terminus of the proteins), although this has not yet been experimentally verified. 

Another gene of interest is UL146, an α-chemokine gene involved in degranulation of 

neutrophils, calcium mobilization, and chemotaxis,59 and also thought to play a role in 

promoting angiogenesis.60,61 Like UL144, the viral sequence of UL146 is highly variable 

and been classified into 14 distinct genotypes to date, of which 2 (G1 and G13) have been 

associated with elevated CMV IgG and IgM antibodies among congenitally infected 
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infants.62 Glycoprotein B (gB), encoded by UL55, is a well-recognized as a leading target 

for subunit vaccine development,63 but the immunoregulatory aspects of this protein are 

under-studied. The gB protein mediates viral attachment and cell entry, which activates 

signaling pathways such as mitogen-activated protein kinase (MAPK)64 and focal 

adhesion kinase (FAK)65, which intriguingly have been shown to be associated with 

oncogenesis.66,67 Lastly, variation in UL9 has been identified in the clinical strain DB-

CMV,68 which is involved in the upregulation of proto-oncogene Bcl-3.69 Therefore, 

further investigation of the viral sequences of these genes is warranted, especially with 

their potential role in oncogenesis. 

 

CMV and cancer 

CMV is not presently regarded as an oncogenic virus; however, CMV infection 

has been implicated in malignancy. In vitro studies have demonstrated the oncogenic 

potential of CMV by its ability to transform a variety of mammalian cell lines. In 1973, 

Albrecht and Rapp revealed that UV-inactivated CMV is able to transform hamster 

embryo fibroblasts; the resultant tumors were poorly differentiated fibrosarcomas and 

CMV antigens were detected in the cytoplasm and on the cell surface.70 Later, this was 

extended to include transformation of normal human embryonal cells which exhibited 

enhanced tumorigenicity in nude mice.71 Recently, it was also demonstrated that a 

clinical strain of CMV, CMV-DB, can transform primary human mammary epithelial 

cells in vitro and the transformed cells gave rise to fast-growing triple negative breast 

tumors when injected in immunodeficient mice.72  
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In a clinical setting, CMV DNA, mRNA, and/or antigens have been detected in 

tumor tissues, suggesting a role for CMV in the etiology in cancer pathogenesis. 

Specifically, CMV nucleic acids and proteins have been detected in tumor samples of 

breast, colon, ovarian, and prostate cancers as well as glioblastoma and mesothelioma. 73–

76  A serology study of neuroblastoma and Wilm’s tumor have also found a greater 

proportion of neuroblastoma and Wilm’s tumor patients (40% and 44%, respectively) had 

complement-fixing antibodies against CMV compared to cancer-free controls who were 

all antibody negative. Further, these differences were more pronounced in younger 

children (ages 0-5 years), of which 53% of neuroblastoma and Wilm’s tumor patients 

were positive.77 Most recently, congenital CMV infection has been implicated in the 

development of pediatric acute lymphoblastic leukemia.78–80  

Epidemiology and Pathophysiology of Acute Lymphoblastic Leukemia 

Acute lymphoblastic leukemia is a neoplastic disease of lymphoid progenitor cells 

in the bone marrow, blood, and extramedullary sites. ALL is the most prevalent pediatric 

malignancy, accounting for nearly 20% of all childhood cancers81,82 with an annual 

incidence of 34 cases per million persons <20 years of age.82,83 The peak incidence 

occurs between ages 1 and 4 years, exceeding 100 cases per million in boys and girls 

(Figure 1- 4).  

While survivorship has improved greatly due to advances in therapy and cancer 

screening,84,85 ALL survivors experience greater morbidities and mortality than the 

general population.86,87 Among the long-term adverse effects include secondary 

neoplasms, obesity, chronic medical conditions, cognitive deficits, congestive heart 
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failure, and early mortaility.88 Elucidating risk factors and identifying strategies for 

prevention is important for improving both pediatric and adult health. 

The pathogenesis of ALL involves abnormal proliferation and differentiation of a 

clonal population of lymphoid cells. Gross chromosomal alterations are a hallmark of 

ALL, and chromosomal rearrangements creating chimeric fusion genes commonly 

involve epigenetic modifiers, cytokine receptors, tyrosine kinases, and hematopoietic 

transcription factors.89,90 High hyperdiploidy and the translocation (12;21) (encoding 

ETV6-RUNX1) translocation are each present in nearly a third of childhood ALL cases.91 

In pediatric populations, predisposing genetic syndromes, such as Down syndrome or 

Fanconi anemia, have been identified in a minority of cases.92–94 Strong environmental 

exposures, such as ionizing radiation during the prenatal period, have been accepted 

causes of ALL but are also rare.95,96 Other modifiable risk factors, including low-

frequency magnetic fields, maternal alcohol use, pesticides, and paternal smoking have 

some evidence of association but remain inconclusive, and there are concerns that the 

findings of these studies may be due to bias.97  

Infectious Etiology of ALL 

 The role of infection in the etiology of leukemia has long been suspected. Three 

hypotheses have been proposed that describe the nature of this pathogenesis: Greave’s 

‘delayed infection’ hypothesis, Kinlen’s ‘population-mixing’ hypothesis, and Smith’s 

hypothesis of ‘direct transformation’ by an infectious agent. 98–100  

 First formulated in 1988, Mel Greave’s hypothesized that ALL is triggered by an 

abnormal immune response to one or more common childhood infections.101 This 

abnormality, he postulates, arises due to 1) infectious exposures being delayed beyond 
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the immunologically anticipated period of infancy; and 2) some degree of inherited 

genetic susceptibility. Greave’s later expanded this hypothesis to include the ‘two hit’ 

model, stating that a minimum of two etiologic events are required for the development 

of ALL, the first being genetic aberration in utero and the second genetic event caused 

indirectly by an aberrant immune response to infection.98 

 Also in 1988, Leo Kinlen postulated that leukemia arises from ‘population-

mixing,’ a term used to describe the interaction between nonimmune and infective 

children, would lead to greater penetrance of the pathogen in a population. 99 The 

hypothesis proposes that the immune systems of children who reside in less densely 

populated communities are less likely to have been exposed to a diverse range of 

infectious agents as compared to residents of more populated communities. These 

children are therefore believed to be more likely to develop leukemia once exposed to 

novel infections from incoming migrants.  

 Lastly, a third hypothesis by Malcom Smith and colleagues in 1997 posits a 

leukemogenic virus. 100 In his hypothesis, Smith proposes ALL originates from exposure 

to infection in utero, which could explain the peak in incidence during childhood. 

Further, an oncogenic virus that is transmitted in utero or during the first year of life 

would be able to infect immature lymphocytes and promote leukemia through 

mechanisms of direct transformation. However, no specific infection has been causally 

linked to ALL. 
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CMV-related ALL 

Congenital CMV has recently emerged as a moderate-to-strong risk factor of 

acute lymphoblastic leukemia. In a report by Francis et al., cCMV infection was assessed 

by droplet digital polymerase chain reaction (ddPCR) in a population-based sample of 

newborn dried blood spots (DBS) randomly drawn from the California Childhood Cancer 

Record Linkage Program of 268 ALL cases and 270 cancer-free controls. In total, cCMV 

was detected in 26/268 (9.7%) of ALL cases but only 8/270 (3.0%) of controls for a 

highly significant odds ratio (OR) of 3.71 (95% confidence interval (CI): 1.71 – 8.95). In 

follow-up to these findings, a second study by Wiemels et al. assessed congenital and 

early-life, clinically recognized CMV infection and the risk of hematologic malignancy in 

population-based registries of Sweden. The authors found in the nearly 10 thousand 

exposed person-years, the hazard ratio (HR) of hematologic malignancy among children 

exposed to any medically documented cCMV or early-life acquired CMV was 11.2 (95% 

CI: 5.8 – 21.5).  

Despite this small literature base, both studies of ALL and cCMV to date have 

had robust study designs. The first study used nested samples in a population-based study 

to detect CMV using state-of-the-art methods. The second study used prospectively 

collected medical record data from the entire population of Sweden. Moreover, both 

studies found strong relative risks that are less possible to attribute to unexamined 

confounding variables. Therefore, it is warranted to further examine this association to 

gain a better understanding of the etiology and pathophysiology connecting cCMV with 

ALL.  
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Dissertation Objectives 

 The role of CMV as an etiologic agent for leukemia has only recently emerged 

and remains largely unexamined. Given the oncogenic potential of CMV, it is warranted 

to evaluate the association between CMV infection and malignancy. In this dissertation, 

we aimed to contribute to this knowledge base by first conducting a large, population-

based study of ALL cases and cancer-free controls in order to replicate the findings by 

Francis et al. to describe the association between congenital CMV infection and 

leukemia.  Secondly, we sought to assess the role of CMV infection and hematologic and 

solid tumor cancers in the setting of solid organ transplantation, as there is a high risk for 

CMV infection following transplantation. Overall, our findings are poised to elucidate 

CMV as a modifiable risk factor in the pathogenesis of ALL. Thus, these data could 

provide rationale for a CMV vaccine for disease reduction in congenital and post-

transplant CMV infection and indirectly the burden of ALL.  

 In Manuscript 1, we aimed to compare CMV prevalence at birth in newborn dried 

bloodspots of 1,189 ALL cases to that in 4,756 cancer-free controls. Controls were 

matched 4:1 on year of birth, sex, and mother’s reported race/ethnicity. Detection of 

CMV DNA was performed using quantitative PCR. Odds ratios and 95% confidence 

intervals were estimated from conditional logistic regression. We conducted a stratified 

analysis by cases with available immunophenotype and cytogenetic subtype data. We 

also stratified by demographic and birth characteristics.    

 Manuscripts 2 and 3 utilized data from the Transplant Cancer Match Study 

(TCM) by the National Cancer Institute. In Manuscript 2, we aimed to characterize the 

association between CMV infection and the incidence of leukemia and other hematologic 

malignancies among solid organ transplant recipients. The TCM uses electronically 
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linked transplant data from the Scientific Registry of Transplant Recipients and 32 cancer 

registries with coverage between 1987 -2017. Transplant recipients previously 

characterized through linkage of the SRTR with known CMV serostatus were included. 

CMV serostatus was categorized into three risk groups according to SRTR data on 

pretransplant IgG serostatus of donors and recipients, to reflect risk of active CMV 

infection and disease post-transplant: high risk (recipient seronegative and donor 

seropositive [R-/D+]), intermediate risk (recipient seropositive regardless of donor 

serostatus [R+]), and low risk (recipient and donor seronegative [R-/D-]). Incidence rate 

ratios and 95% confidence intervals comparing the risk of cancer among CMV exposed 

individuals to those unexposed were estimated by Poisson regression adjusted for sex, 

age at transplantation, race/ethnicity, SES quintile, transplanted organ (kidney, liver, or 

other/multiple), and EBV risk group.  

 In Manuscript 3, we utilized the same database to ascertain the association 

between CMV infection and the incidence of solid tumor malignancies among solid 

organ transplant recipients. We calculated incidence rates for each cancer for recipients in 

each CMV risk group. To compare cancer risk by CMV risk group, we estimated 

incidence rate ratios using multivariable Poisson regression models adjusted for sex, age 

at transplantation, race/ethnicity, SES quintile, transplanted organ (kidney, liver, or 

other/multiple), and EBV risk group. 
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Figure 1- 1. CMV seroprevalence in the United States, National Health and Nutrition 

Examination Survey (NHANES) 1999-2004, stratified by age, sex, and race/ethnicity. 
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Source: Clin Infect Dis, Volume 50, Issue 11, 1 June 2010, Pages 1439–1447, 

https://doi.org/10.1086/652438 23 

  

https://doi.org/10.1086/652438
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Figure 1- 2. Worldwide CMV seroprevalence rates among women of childbearing age 

and birth prevalence of congenital CMV infection. 

 

 
 

Source: Manicklal et al. Clin Microbiol Rev (2013)25 
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Figure 1- 3. Genome of CMV 

 

Source: J Clin Invest. 2011;121(5):1673-1680. https://doi.org/10.1172/JCI45449.52 
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Figure 1- 4. Age-Specific Incidence Rates of ALL by Sex, SEER 2014-2018. 

 

 
Data source: Surveillance, Epidemiology, and End Results (SEER) program, SEER 21 areas, 2014 – 2018.   
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Chapter 2: Limited evidence for an association between congenital 

cytomegalovirus infection and pediatric acute lymphoblastic leukemia in a 

large, population-based study 

Introduction 

Acute lymphoblastic leukemia (ALL) is the most common form of pediatric 

cancer, accounting for nearly 20% of all malignancies diagnosed in persons under 20 

years of age.81,82 Highly penetrant genetic predisposition, such as Down syndrome, cause 

ALL in less than 5% of cases.102  Environmental risk factors have also been suggested, 

such as exposure to ionizing radiation, but the evidence is not conclusive.95,96 Largely, the 

pathogenesis of most ALL cases remains unknown.  

An infectious etiology for ALL has been hypothesized. Mel Greaves101 was the 

first to propose the “delayed infection” hypothesis, suggesting that ALL may arise as a 

consequence of an abnormal immune response to common childhood infections. More 

recently, this hypothesis has been expanded to include the “two-hit” model, stating a 

minimum of two etiologic events are required for the development of ALL, the first event 

being genetic aberration in utero and the second genetic event caused indirectly by an 

atypical immune response to infection.98 A second hypothesis proposed by Kinlen99 is the 

“population mixing” hypothesis, which states that pediatric leukemia may arise from 

immune naïve individuals’ exposure to a common pathogen after interaction with 

infected populations. Lastly, a third hypothesis by Smith and colleagues100 postulates that 

oncogenic viruses transmitted in utero or during the first year of life are able to infect 

immature lymphocytes and promote leukemia through mechanisms of direct 

transformation. However, no specific infection has been causally linked to ALL. 
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Recently, cytomegalovirus (CMV) has emerged as a potential moderate-to-strong 

risk factor of ALL. CMV is a member of the herpesvirus family (HHV 5) and is capable 

of transplacental infection during pregnancy. In a report by Francis et al., congenital 

CMV (cCMV) infection was assessed by droplet digital polymerase chain reaction 

(ddPCR) in a population-based sample of newborn dried blood spots (DBS) from 268 

ALL cases and 270 controls in California.78 In total, cCMV was detected in 9.7% of ALL 

cases but only 3.0% of controls for a highly significant odds ratio (OR) of 3.71 (95% 

confidence interval (CI): 1.71 – 8.95). Risk was also reportedly higher among Hispanics 

(OR: 5.90, 95% CI: 1.89 – 25.96). In a second study by Wiemels et al. congenital and 

early-life, clinically-recognized, CMV infection and subsequent ALL was investigated in 

population-based registries of Sweden79. The hazard ratio (HR) of hematologic 

malignancy among children with any medically documented cCMV or early-life acquired 

CMV was 11.2 (95% CI: 5.8 – 21.5).  

Together, the two prior studies suggest that prenatal CMV infection substantially 

increases risk of childhood ALL.  If true, congenital and early-life acquired CMV 

infection could represent the first modifiable risk factor for childhood ALL. As universal 

newborn screening for cCMV is in development, it is particularly important to establish 

through replication whether CMV infection at birth is a risk factor for ALL. We therefore 

conducted a large, population-based study of newborn DBS to compare CMV prevalence 

at birth in ALL cases and controls. 

 

Methods 

Selection of Cases and Controls and Data Collection 
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Congenital CMV infection was assessed in a population-based case-control study 

through the Michigan BioTrust for Health (MBH). MBH is a Michigan Department of 

Health and Human Services program that oversees the consent, advisory boards, and 

research use of residual newborn dried blood spots (DBS) collected shortly after birth. 

MBH also conducts routine linkage of the DBS repository to the birth and cancer 

registries and provides these data to approved researchers. Cases consisted of children 0-

14 years of age between 1987 - 2014 diagnosed with ALL (ICD-O code morphology 

9835, 9836, and 9820) identified through the Michigan Cancer Surveillance Program 

(MCSP) and born in Michigan on or after October 1, 1987. Cytogenetic and molecular 

data on cases was abstracted through collaboration with seven major Michigan children’s 

hospitals that treat >95% of ALL in Michigan through an instrument programmed in 

REDCap. Controls were randomly selected by MBH and matched 4:1 on year of birth, 

sex, and mother’s reported race/ethnicity. Sex and mother’s race were matched for 

efficient control of confounding while year of birth was matched to have equivalent 

windows of exposure. Birth characteristic data on cases and controls were obtained from 

linkage to the birth registry and included previously identified risk factors, such as 

smoking during pregnancy and Cesarean delivery .103,104 Due to data suppression rules by 

MBH, any potential identifiable health information, such as birth year, mother’s and 

father’s age, were categorized. The study was approved by the institutional review boards 

of the University of Minnesota and the Michigan BioTrust for Health.  

 

DNA Extraction and CMV Assay 
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Although a laboratory assay cannot identify the route of acquisition, since DBS 

were collected 24-48 hours after birth the strong presumption is that the CMV DNA 

detected in this medium represents congenital infection. Therefore, we use the term 

“congenital CMV infection (cCMV)” throughout this manuscript. Detection of CMV 

DNA in DBS of cases and controls was performed as described elsewhere105, with some 

modifications. One 6 mm punch from the newborn DBS card was provided by the MBH. 

DNA was extracted from this punch using the GenTegra GenSolve DNA Complete kit 

(GenTegra LLC, California, USA). Briefly, the 6 mm punch was placed in a tube, 609 L 

lysis solution (GenTegra) and 11 L of proteinase K (20 mg/mL) was added, and the 

mixture incubated at 56 C for 1.5 hours with agitation at 1400 rpm. Samples were then 

transferred to a spin basket and centrifuged, with a Recovery Solution (GenTegra) added 

to the sample. This was followed by DNA purification following the manufacturer’s 

protocol (GenTegra). Samples were eluted in 50 L of elution buffer, and stored as 

necessary at -20C.  

 Quantitative multiplex PCR was performed as described elsewhere.106 Briefly, 7 

L of eluate was used in a reaction volume of 35 L using the LightCycle 480 PCR 

system (Roche). Primers and probes for the CMV IE gene were utilized with NRAS used 

as a housekeeping gene to confirm recovery of amplifiable DNA from DBS. PCR was 

run in triplicate, and a sample was considered positive if at least 2 of the 3 replicates were 

positive or if one well was positive on two separate, independent experimental runs. Four 

cases (0.3%) and 13 controls (0.3%) did not have sufficient yield of genomic DNA from 

the DBS and were scored indeterminate for cCMV. Three control DBS (0.1%) had CMV 



 

 

25 

DNA below the pre-determined limit of detection (LOD) threshold and were therefore 

scored equivocal.  

 

Statistical Analysis 

 Pearson’s 2-test was used to assess categorical data differences between cases 

and controls. Continuous variables (e.g. birth weight, parental age) were examined for a 

linear association with ALL and were categorized if nonlinear. To assess an association 

between cCMV infection and ALL, conditional logistic regression was used, thus 

controlling for matching factors, to construct both univariate and multivariate models. 

Multivariate models were additionally adjusted for mother’s age at birth, maternal 

diabetes, birth weight, categorical gestational age, and presence of birth defects. 

Variables in the model for which there was missing data were included as an unknown 

category. To assess the effect of potential confounding, we conducted a stratified analysis 

of cCMV infection among cases and controls. Analysis of cases with available subtype 

data was conducted by both matched and un-matched analysis using exact methods. All 

comparisons made between cases and controls were conducted using 2-sample t tests for 

continuous variables or Pearson’s Chi-Square or Fisher’s exact tests for categorical 

variables. All statistical analyses were performed using Stata/IC Version 15.1 (StataCorp 

LP, College Station, Texas, USA). 

 

Results 

MBH identified 1,199 eligible ALL cases and 4,796 matched controls. Ten (0.83%) of 

the cases did not have a DBS available for testing, therefore the matched set (n=40 
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controls) was excluded. The final study population included 1,189 cases and 4,756 

controls (Table 2- 1). The mean age at ALL diagnosis among the cases was 4.5 years 

(SE=0.09). The cases and controls both had a greater proportion of males (57.6%, 

respectively) (p=1.0) and were predominately born between 1993 – 1998 (53.9%, cases 

and controls) (p=1.0). Overall, the mean birth weight was higher among the ALL cases 

(3,448.6 grams, SE=16.7) than controls (3,385.5g , SE=8.3) (p=0.0007). The distribution 

of mother’s categorical age was higher among ALL cases than controls, with 13% of 

cases having mothers who were ≥35 years of age at the time of birth compared to 11.5% 

of controls (p=0.02). Despite matching on mother’s race/ethnicity, a higher proportion of 

cases had mothers who identified as White (83%) than compared to controls (83.2%) 

(p=0.014). There were no significant differences in mother’s level of education between 

cases and controls (p=0.44). Father’s categorical age at birth differed somewhat between 

cases and controls, in which a greater proportion of fathers were ≥35 years of age at the 

time of birth among cases (25%) than controls (20.9%) (p=0.013).  

 The mean weight gain during pregnancy was also similar across mothers of cases 

(31.4 lbs, SE=0.42) and controls (31.0 lbs, SE=0.20) (p=0.39) (Table 2- 1). There were 

no significant differences between mothers of cases and controls in smoking or alcohol 

use during pregnancy as recorded on birth certificates (p=0.96 and p=0.90, respectively). 

There was a slightly higher prevalence of pre-pregnancy or gestational diabetes among 

mothers of cases (4.1%) than controls (3.2%), but this difference was not statistically 

significant (p=0.12). Among controls, there was a slightly higher prevalence of uterine or 

vaginal bleeding during pregnancy (1.3%) than cases (0.6%) (p=0.04). Overall, mode of 

delivery and plurality of birth was similar across cases and controls (p=0.54 and 0.26, 
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respectively), with most births being single (98%, cases and controls) and spontaneous 

vaginal delivery (68.3% and 70.6%, respectively). There was a significantly higher 

prevalence of birth defects among ALL cases (3.4%) compared to controls (1.7%) 

(p<0.0001). However, there were no differences across Kotelchuck indexes (p=0.11).  

 Immunophenotype was available from the Michigan cancer registry for 536 

(45.1%) of cases, of those 62 (11.6%) were T-ALL and 474 (88.4%) were B-ALL. Those 

with immunophenotype were more likely to be born after 1997 (83.2%) than those 

missing immunophenotype (31.4%) (p<0.001). Cytogenetic data was available for 226 

(21%) of cases (Table 2- 2). Cases with available subtype data were slightly older at 

diagnosis (aged 5.4 years) compared to cases who were missing subtype (aged 3.8 years) 

(p<0.001). Additionally, cases with cytogenetic subtype data were more likely to be born 

after 1997 (84.2%) than those missing (47.8%) (p<0.001). However, cases with and 

without subtype were similar across sex (57.3% and 57.9% male, respectively) and 

mother’s race/ethnicity (83.6% and 82.9% White, respectively). Among those with 

cytogenetic subtype available, the distribution of B-ALL subtypes is shown in Figure 2- 

1. Hyperdiploid B-ALL was the most prevalent subtype (58%) followed by ETV6-

RUNX1 translocation (24%).    

 Overall, we detected cCMV DNA in 6/1,189 (0.5%) of ALL cases and 21/4756 

(0.4%) of controls (Table 2- 3). The crude odds of cCMV infection were not statistically 

different between ALL cases and controls (OR: 1.14, 95% CI: 0.46 – 2.83). In the 

multivariate model, the odds of cCMV exposure appeared slightly elevated among cases 

compared to controls, however, this point estimate was measured very imprecisely 

(ORadjusted: 1.30, 95% CI: 0.52 – 3.24). When stratified by age at diagnosis, cCMV 
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exposure appeared elevated among cases diagnosed between ages 1-4 years compared to 

their matched controls but this difference was not statistically significant (OR: 1.67, 95% 

CI: 0.59 – 4.73). Among B-ALL cases, the odds of cCMV similarly appeared elevated 

compared to their matched controls, however, this point estimate was also measured very 

imprecisely (OR: 4.0, 95% CI: 0.56 – 28.40). There were no cCMV positive cases among 

recognized T-ALL. There were 2 hyperdiploid cases among those with subtype data that 

were cCMV positive. When we compared CMV prevalence among the hyperdiploid ALL 

cases and their matched controls, the model did not converge due to lack of exposure 

among the matched controls. However, compared to all controls (n=4,756) in an 

unmatched analysis, hyperdiploid ALL cases were 6.26 times more likely to be CMV 

positive (95% CI: 1.44 – 27.19).  We also assessed this effect in an unmatched analysis 

including all matched controls of cases who had subtype data available (n=2,144) and 

found the odds of cCMV exposure was 13.4 times greater among hyperdiploid cases 

compared to controls (95% CI: 1.25 – 83.21).  

  Among those positive for cCMV DNA, the mean viral copies of CMV per mL 

blood was not significantly different across cases (35,966.7 copies/mL, SE:18,263) and 

controls (34,368.1 copies/mL, SE: 19,277) (p=0.97) (Figure 2- 2). When considering the 

mean copies CMV per microgram of genomic DNA, cases had a higher viral load 

(3,301.3 copies/g, SE: 2,684.7) than controls (840.1 copies/g, SE: 274.1), but this 

difference was not statistically significant (p=0.1)  

 In the stratified analysis of CMV infection among cases and controls, we did not 

detect any statistically significant associations (Table 2- 4). Among infants whose 

mothers had some post-high school education, the overall prevalence of CMV was 
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significantly different across cases and controls (Fisher’s exact p-value = 0.041), however 

the crude odds ratio was not statistically significant (OR: 4.97, 95% CI: 0.84 – 34.07). 

We were not able to detect any differences in the odds of CMV infection by mother’s 

race/ethnicity, as all cases (n=6) had White mothers. 

 

Discussion 

 

Congenital CMV infection has recently emerged as a potential modifiable risk 

factor of pediatric acute lymphoblastic leukemia. In response to the two extant studies of 

the topic by Francis et al78. and Wiemels et al.79, we conducted a large, population-based 

case-control study of cCMV infection and pediatric ALL. In the entire study of 1,189 

ALL cases and 4,756 controls we did not detect an association between leukemia and 

exposure to cCMV infection in the main analysis. However, among cCMV positive 

individuals CMV DNA levels trended higher among individuals who went on to develop 

ALL. In addition, among hyperdiploid ALL cases, the odds of being cCMV positive were 

six times greater than unmatched controls. Below we discuss in brief the hypothetical 

basis for the investigation of cCMV and ALL and compare our findings with those of 

Francis et al. and Wiemels et al.  

There is a growing body of evidence of an infectious etiology for pediatric ALL, 

and there are three main hypotheses on the nature of this pathogenesis: Greave’s ‘delayed 

infection’ hypothesis, Kinlen’s ‘population mixing’ hypothesis’, and Smith’s hypothesis 

of ‘direct transformation’ by an infectious agent.98–100 Of these, CMV best fits the criteria 

of Smith’s hypothesis, which states that the infectious agent causing ALL should possess: 

1) the ability to induce genomic instability; 2) specific effects on B lymphocytes, 



 

 

30 

specifically in the context of B-precursor ALL; 3) higher rates of infection in regions 

with lower socioeconomic status; 4) limited general oncogenic potential; 5) minimal 

symptoms associated with the primary infection; and 6) the ability to cross the placenta 

and infect the fetus, but not cause severe fetal abnormalities.100  

CMV is capable of causing direct chromosomal breakage in congenital infection, 

which is suspected to be related to its teratogenic properties.107 In addition, CMV encodes 

several proteins that modulate both cell cycle control and the host DNA damage 

response.108 The link between cCMV and B lymphocytes are CD34+ cells, which are 

early hematopoietic progenitor cells in bone marrow,109,110 and the cell type in which 

CMV establishes latency. A study by Albano et al. investigated the impact of cCMV on 

hematopoietic progenitor cell concentrations in cord blood and found that among infants 

with cCMV infection, CD34+ cell populations were roughly 2.6 times greater than those 

of matched controls.111 This finding suggests a mechanism by which cCMV increases the 

risk of ALL by encouraging proliferation of cells vulnerable to transformation. 

Collectively these observations support the plausibility of CMV being involved in the 

etiology of ALL. Aside from this plausibility, two independent studies have suggested a 

moderately strong association between cCMV infection and ALL.  

The initial study by Francis et al. had a study design most similar to ours78. The 

authors conducted a case-control study of newborn dried blood spots from 268 ALL 

cases and 270 cancer-free controls randomly drawn from the Childhood Cancer Record 

Linkage Program (CCRLP), and matched on date of birth, race, and sex. In comparison, 

our case-control study was nearly ten times larger with a similarly strong, population-

based study design that used newborn DBS to capture prenatal CMV exposure. The rates 
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of CMV DNA positivity were very different in our two studies, with the positive 

prevalence 7.5 times higher in the controls from Francis et al. compared to our controls.  

This raises the possibility of technical differences contributing to our differing results. 

One major difference between our studies was the use by Francis et al. of droplet digital 

PCR (ddPCR) to detect CMV DNA in the newborn DBS, while we used a quantitative 

PCR method that has been optimized for detection of CMV DNA in newborn DBS.106 

While ddPCR has shown to have increased precision over qPCR in certain applications, 

the methods have similar sensitivity.112,113 Therefore it is unlikely that the platform for 

CMV detection explains the differing results in our two studies.  Differences in the 

starting material may have contributed to differences in the detection of CMV. Francis et 

al. reported using a quarter of a Guthrie spot, equivalent to about 33.2 mm2 area, which 

was more than the single 6 mm punch area of 28.272 mm used in our study.114 Therefore, 

it could be expected that the likelihood of detecting cCMV would increase with the 

amount of material sampled. While we cannot be certain what is driving the differences 

in CMV DNA prevalence at birth in the two studies, cCMV infection is detected in 

0.45% of newborn dried blood spots, which is consistent with our results.106 Further, 

universal screening in high income countries have shown cCMV prevalence is 

consistently about 0.6%, even when using urine and saliva.115,116 It is also possible that 

the method used by Francis et al. had a lower limit of detection of quantification, and 

further development of methods is warranted.  

An outstanding question is whether the severity of cCMV is associated with 

future ALL risk.  In Wiemels et al.79 both congenital and early-life acquired CMV 

infection was evaluated for future risk of hematologic malignancy in population-based 
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registries of Sweden.79 CMV infection was identified through linkage of the cohort and 

their mothers to the nationwide patient registry. Through their passive screening, the 

prevalence of clinically recognized CMV infection at birth was 0.0066% in non-cases 

and 0.088% in children who later were diagnosed with a hematologic malignancy (HR: 

14.8, 95% CI:4.8 – 45.9). Congenital CMV infection is clinically recognized in 10-15% 

of all infected infants, as the majority of babies are asymptomatic.29,117 Therefore, the 

CMV infections investigated in Wiemels et al. were likely severe.  However, we 

observed higher CMV levels in cases versus controls. Newborn screening for cCMV has 

recently revealed viral load at birth may be higher with asymptomatic infections.118 We 

do not know who in our study had a clinically recognized cCMV infection; further 

investigation into this relationship is necessary.  

Our findings suggest a CMV-ALL association may be specific to hyperdiploid 

ALL, consistent with recent reports from diagnostic specimens.80 Cytogenetic subtype 

was available for 21% of cases. When stratified by ALL subtype, we found hyperdiploid 

ALL cases had 6.3 the odds of cCMV compared to all controls in our study, albeit based 

on only 2 exposed cases. Further, hyperdiploid cases had 13.4 the odds of cCMV when 

compared to all controls who had cases with subtype data. High hyperdiploid ALL 

(generally defined as 50-67 chromosomes) was very recently shown to be associated with 

CMV by Gallant et al. in case-only analyses.80 Half of all bone marrow biopsies were 

CMV DNA positive, and bone marrow biopsies from B-cell ALL cases were more likely 

to be CMV positive compared to T-cell ALL (OR 1.63 (95% CI 0.88 – 3.06). 

Considering just B-cell ALL, the biopsies from high hyperdiploid ALL cases were 1.7 

times more likely to be CMV positive than ETV6-RUNX1 ALL, and 2.71 times more 
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likely to be in the upper tertile of CMV-load (95% CI: 1.34 – 4.73).80 Our results, in 

combination with those from Gallant et al, strongly suggest that CMV contributes 

specifically to hyperdiploid ALL.   

Our study had several strengths. First, this study was a very large, population-

based case-control study of 1,189 ALL cases and 4,756 controls, all with dried blood 

spots obtained immediately after birth. Compared to the study by Francis et al., our study 

is nearly ten times larger. Second, data linkage through the Michigan BioTrust for Health 

enabled us to examine potential associations with birth characteristics and parental 

demographics and leukemia. Lastly, the use of nested samples taken shortly after birth 

make the temporality between measurement of cCMV and development of ALL clear. 

Since all samples were collected immediately following birth any detectable DNA would 

have by necessity been passed in utero. Furthermore, this is an advantage over the study 

by Wiemels et al., since they used only medical records which reported only clinically 

recognized CMV disease. Cases and controls were selected by MBH and the laboratory 

was blinded to case and control status when assaying DBS for CMV DNA. Thus, any 

misclassification of cCMV exposure would be nondifferential with respect to case-

control status and would bias our estimates toward the null. We also controlled for known 

confounders by matching on year of birth, sex, and mother’s race/ethnicity, and adjusted 

for other risk factors in the multivariate analysis. Lastly, when we consider the width of 

the confidence interval around our point estimate in adjusted analysis, it leaves room for 

the possibility of an effect as large as 3.24, which is of the same magnitude of the 

estimate by Francis et al.  
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A limitation of our study is that this was a largely White population which limited 

our ability to look in subgroups defined by demographics. Francis et al. showed that risk 

was more pronounced in Hispanics (OR: 5.90, 95% CI: 1.89 – 25.96) than in non-

Hispanic Whites (2.10, 0.69 – 7.13).78 Another limitation was that Michigan DBS were 

stored at ambient temperature while all DBS specimens collected after 2009 in the study 

by Francis et al. were at -20C. This may explain why we had a lower prevalence of 

CMV DNA in our samples than in Francis et al, due to degradation of material. However, 

DBS stored at room temperature in other studies of CMV DNA has not been associated 

with diminished quality119 and our estimated prevalence of CMV DNA was in line with 

other estimates of cCMV infection including using gold standard method of detection like 

urine.120 Thus, it seems more likely that the assay by Francis et al. had a lower limit of 

detection. Lastly, we had immunophenotype and cytogenetic subtype data available for 

only a small portion of cases which contributed to imprecision of our point estimates.   

Overall, while we did not find evidence of an association between cCMV 

infection and pediatric ALL in our primary analysis, we did detect an association among 

hyperdiploid ALL cases based, however, on small numbers. The partial support given 

here to the association of cCMV with ALL, previously seen in two epidemiologic studies, 

and its accumulating biologic plausibility argue for continued research. Two jurisdictions 

have recently initiated universal cCMV screening -Minnesota and Ontario -which may 

present the best locales in which to examine this emerging association further.121,122 

Future work may also consider incorporating additional biomarkers, such as DNA 

methylation, that may help establish a mechanistic link between cCMV and ALL. 

Finally, work that considers not just CMV infection in utero, but also early childhood 
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infections, is needed to fully understand the relationship of this highly prevalent virus and 

childhood ALL. 

 

  



 

 

36 

Table 2- 1. Demographic characteristics of ALL cases and matched controls. 

 

  
ALL cases Controls 

 

Characteristics (n=1,189) % (n=4,756) % p-value 

Mean age at diagnosis (SE) 4.5 (0.09) 
 

N/A - - 

Birth year* 
    

1.0 

1988-1992 212 17.8

% 

848 17.8% 
 

1993-1997 326 27.4

% 

1,304 27.4% 
 

1998-2002 315 26.5

% 

1,260 26.5% 
 

2003-2007 237 19.9

% 

957 20.1% 
 

2007-2012 99 8.3% 387 8.1% 
 

Sex* 
    

1.0 

Female 504 42.4

% 

2,016 42.4% 
 

Male 685 57.6

% 

2,740 57.6% 
 

Mother's age at birth, years 
    

<0.001 

<25 346 29.1

% 

1,592 33.5% 
 

25-34 679 57.1

% 

2,617 55.0% 
 

35+ 153 12.9

% 

547 11.5% 
 

Unknown 11 0.9% 0 0%  

Mother's race/ethnicity* 
    

0.014 

White 987 83.0

% 

3,959 83.2% 
 

Black 103 8.7% 420 8.8% 
 

Other 26 2.2% 122 2.6% 
 

Hispanic 56 4.7% 231 4.9% 
 

Unknown 17 1.4% 24 0.5% 
 

Mother's level of education 
    

0.44 

High school 556 46.8

% 

2,332 49.0% 
 

Some post-high school 326 27.4

% 

1,205 25.3% 
 

College 293 24.6

% 

1,168 24.6% 
 

Unknown 14 1.2% 51 1.1% 
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Father's age at birth, years 
    

0.013 

<25 158 13.30

% 

732 15.4% 
 

25-34 590 49.60

% 

2,426 51.0% 
 

35+ 297 25.00

% 

994 20.9% 
 

Unknown 144 12.10

% 

604 12.7% 
 

      

Father's race/ethnicity 
    

0.52 

White 899 75.6

% 

3,500 73.6% 
 

Black 56 4.7% 264 5.6% 
 

Other 25 2.1% 114 2.4% 
 

Hispanic 45 3.8% 214 4.5% 
 

Unknown 164 13.8

% 

664 14.0% 
 

      

Father's level of education 
    

0.92 

High school 477 40.1

% 

1,900 40.0% 
 

Some post-high school 247 20.8

% 

954 20.1% 
 

College 298 25.1

% 

1,206 25.4% 
 

Unknown 167 14.1

% 

696 14.6% 
 

Pregnancy and Birth Characteristics 
     

Pregnancy 
     

Mean weight gain during pregnancy, lbs (SE) 31.4 

(0.42) 

 
31.0 

(0.20) 

 
0.39 

      

Smoking before or during pregnancy 
    

0.96 

Yes 198 16.7

% 

804 16.9% 
 

No 968 81.4

% 

3,864 81.2% 
 

Missing 23 1.9% 88 1.9% 
 

      

Alcohol use 
    

0.90 

Yes 17 1.4% 60 1.3% 
 

No 1,147 96.5

% 

4,595 96.6% 
 

Missing 25 2.1% 101 2.1% 
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Pre-pregnancy or gestational diabetes 
    

0.12 

Yes 49 4.1% 153 3.2% 
 

No 1,140 95.9

% 

4,603 96.8% 
 

      

Chronic hypertension 
    

0.3 

Yes 12 1.0% 34 0.7% 
 

No 1,177 99.0

% 

4.722 99.3% 
 

      

Gestational hypertension 
    

0.34 

Yes 9 0.8% 25 0.5% 
 

No 1,180 99.2

% 

4,731 99.5% 
 

      

Uterine/vaginal bleeding 
    

0.04 

Yes 7 0.6% 61 1.3% 
 

No 1,182 99.4

% 

4,695 98.7% 
 

      

Previous Caesarean section 
    

0.49 

Yes 143 12.0

% 

538 11.3% 
 

No 1,046 88.0

% 

4,218 88.7% 
 

      

Birth  
     

Mean birth weight, grams (SE) 3448.6 

(16.7) 

- 3385.5 

(8.3) 

- 0.0007 

Gestational age 
    

0.32 

<37 weeks 90 7.6% 368 7.7%  

≥ 37 weeks 1,099 92.4

% 

4,379 92.1%  

Unknown 0 0% 9 0.2%  

Method of delivery 
    

0.54 

Vaginal, spontaneous 812 68.3

% 

3,357 70.6% 
 

Vaginal, forceps 25 2.1% 99 2.1% 
 

Vaginal, vacuum 43 3.6% 149 3.1% 
 

Cesarean 300 25.2

% 

1,125 23.7% 
 

Unknown 9 0.8% 26 0.6% 
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Plurality of birth 
    

0.26 

Single 1,165 98.0

% 

4,663 98.0% 
 

Twin 22 1.8% 88 1.9% 
 

Triplet 1 0.1% 5 0.1% 
 

Quadruplet 1 0.1% 0 0.0% 
 

      

Birth injury 
    

0.51 

Yes 3 0.3% 18 0.4% 
 

No 1,186 99.7

% 

4,738 99.6% 
 

      

Birth defects 
    

<0.000

1 

Yes 40 3.4% 81 1.7% 
 

No 1,116 93.9

% 

4,611 97.0% 
 

Missing 33 2.8% 64 1.3% 
 

      

Kessner index 
    

0.54 

Not collected 71 6.0% 275 5.8% 
 

Adequate 887 74.6

% 

3,449 72.5% 
 

Intermediate 153 12.9

% 

672 14.1% 
 

Inadequate 73 6.1% 334 7.0% 
 

Unknown 5 0.4% 26 0.6% 
 

      

Kotelchuck index 
    

0.11 

Not collected 51 4.3% 204 4.3% 
 

Adequate plus 395 33.2

% 

1,379 29.0% 
 

Adequate 495 41.6

% 

2,091 44.0% 
 

Intermediate 112 9.4% 488 10.3% 
 

Inadequate 89 7.5% 407 8.6% 
 

Unknown 47 3.9% 187 3.9% 
 

 



 

 

40 

*Indicates matching factor. P-values calculated by Pearson’s Chi-Square statistic for 

categorical variables or by two-sided t-test for continuous variables. Abbreviations:  SE – 

standard error; 
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Table 2- 2. Comparison of cases with available leukemia subtype to cases without, by 

demographic characteristics 

  
Cases with subtype Cases without subtype 

 

Characteristics (n=536) % (n=653) % p-value 

Mean age at diagnosis (SD) 5.4 (3.6) 
 

3.8 (2.8) 
 

<0.001 

Birth year  
    

<0.001 

1988-1992 16 3.0% 196 30.0% 
 

1993-1997 74 13.8% 252 38.6% 
 

1998-2002 168 31.3% 147 22.5% 
 

2003-2007 182 34.0% 55 8.4% 
 

2007-2012 96 17.9% 3 0.5% 
 

Sex 
     

Female 229 42.7% 275 42.1% 
 

Male 307 57.3% 378 57.9% 
 

Mean birth weight, grams (SD) 3418.3 (571.0) 
 

3473.4 (580.7) 
  

      

Gestational Age 
    

0.063 

<37 weeks 49 9.1% 41 6.3% 
 

37+ weeks 487 90.9% 612 93.7% 
 

      

Mother's age at birth, years 
    

0.43 

<25 148 27.6% 198 30.3% 
 

25-34 306 57.1% 373 57.1% 
 

35+ 75 14.0% 78 11.9% 
 

Unknown 7 1.3% 4 0.6% 
 

Mother's race/ethnicity 
    

0.23 

White 435 81.2% 552 84.5% 
 

Black 52 9.7% 51 7.8% 
 

Other 9 1.7% 17 2.6% 
 

Hispanic 31 5.8% 25 3.8% 
 

Unknown 9 1.7% 8 1.2% 
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Figure 2- 1. Distribution of B-ALL subtypes. 

 

 
 

 

Cytogenetic data was available for 226 (21%) of cases. The chart above describes the 

distribution of B-ALL subtypes diagnosed.  
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Table 2- 3. Prevalence of cCMV in dried blood spots of ALL cases compared to matched controls, by diagnostic factors. 

  
Proportion CMV positive 

(%) 

   
  

 
ALL cases Controls P-value OR (95% CI) OR adjusted (95% 

CI) 

OR unmatched1 

(95% CI) 

OR unmatched2 

(95% CI) 

Overall 6/1,189 

(0.5%) 

21/4,756 

(0.4%) 

0.77 1.14 (0.46 - 2.83) 1.30 (0.52 - 3.24)   

      
  

Age at diagnosis 
     

  

0 0/51 (0%) 1/204 (0.5%) 1.0 - 
 

  

1-4 5/692 

(0.7%) 

12/2,768 

(0.4%) 

0.49 1.67 (0.59 - 4.73) 
 

  

5-9 0/322 (0%) 8/1,288 

(0.6%) 

0.37 - 
 

  

10-14 1/124 

(0.8%) 

0/494 (0%) 0.23 - 
 

  

      
  

B-ALL 2/474 

(0.4%) 

2/1,896 

(0.1%) 

0.17 4.0 (0.56 - 28.40) 
 

  

T-ALL 0/62 (0%) 3/248 (1.2%) 1.0 
  

  
      

  

Ploidy 
     

  

Hypoploidy (<46) 0/11 (0%) 0/44 (0%) - - 
 

  

Hyperploidy (47-

80) 

2/74 (2.7%) 0/296 (0%) 0.04 - - 6.26 (1.44 - 27.19) 13.37 (1.25 – 83.21) 

Tetraploidy (81-

102) 

0/1 (0%) 0/4 (0%) - - 
 

  

 

Odds ratio and 95% confidence interval calculated by conditional logistic regression. Multivariate model adjusted for mother’s 

categorical age, mother’s education level, father’s race/ethnicity, father’s education level, father’s categorical age, maternal diabetes, 
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delivery method, plurality, birth weight, and birth defects. Odds ratios and 95% confidence intervals were calculated first by 

conditional logistic regression among hyperdiploid ALL cases and their matched controls, but the model did not converge. 1) An odds 

ratio calculated for hyperdiploid cases compared to all controls (n=4,756) using exact methods. 2) Odds ratio calculated in an 

unmatched analysis for hyperdiploid cases compared to all controls who had cases with available subtype data (n=2,144) using exact 

methods. Abbreviations: CI – confidence interval; OR – odds ratio; 
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Figure 2- 2. Mean CMV viral load among ALL cases and controls. 

 

 
 

A). Viral load expressed as mean viral copies CMV/g genomic DNA. B). Viral load 

expressed as copies CMV/mL blood. Abbreviations: SE – standard error; 
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Table 2- 4. Congenital CMV status among ALL cases and controls, stratified by 

demographic characteristics. 

  
All Cases Controls 

  

Characteristic CMV 

+ 

CMV 

- 

CMV+ CMV- p-value* OR (95% CI) 

Sex 
      

Female  3 501 9 2,007 0.72 1.34 (0.23 - 5.38) 

Male 3 693 12 2,725 1 0.98 (0.18 - 3.66) 
       

Birth weight (grams) 
      

Low (<2500) (n=336) 1 70 3 262 1 1.25 (0.02 - 15.80) 

Normal (2500 - 4000)  5 934 16 3,927 0.58 1.31 (0.38 - 3.76) 

High (>4000) 0 179 2 543 1 - 
       

Gestational Age 
      

<37 weeks 1 89 2 366 0.48 2.06 (0.03 - 39.83) 

37+ weeks 5 1,094 19 4,357 1 1.05 (0.31 - 2.92) 
       

Mother's age at birth, 

years 

      

<25 4 342 12 1,578 0.51 1.54 (0.36 - 5.11) 

25-34 2 677 6 2,610 0.67 1.29 (0.13 - 7.21) 

35+ 0 153 3 544 1 - 
       

Mother's race/ethnicity 
      

White 6 981 13 3943 0.24 1.86 (0.58 - 5.24) 

Black 0 103 5 415 0.59 - 

Other 0 26 1 121 1 - 

Hispanic 0 56 1 230 1 - 
       

Mother's level of 

education 

      

High school 2 554 17 2314 0.56 0.49 (0.05 - 2.08) 

Some post-high school 4 322 3 1201 0.041 4.97 (0.84 - 34.07) 

College 0 293 1 1166 1 - 
       

Father's age at birth, 

years 

      

<25 1 157 3 729 0.54 1.55 (0.03 - 19.41) 

25-34 2 588 7 2,416 0.69 1.17 (0.12 - 6.17) 
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35+ 2 295 3 991 0.33 2.24 (0.19 - 19.63) 
       

Father's race/ethnicity 
      

White 4 895 9 3,488 0.32 1.73 (0.39 - 6.22) 

Black 0 56 1 263 1 - 

Other 0 25 0 114 - - 

Hispanic 0 45 1 213 1 - 
       

Father's level of 

education 

      

High school 2 475 7 1,892 1 1.14 (0.11 - 5.99) 

Some post-high school 2 245 3 950 0.27 2.59 (0.21 - 22.67) 

College 0 298 1 1,204 1 - 

 

P-values were calculated by Fisher’s exact test. Abbreviations: CI – confidence interval; 

OR – odds ratio
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Chapter 3: Cytomegalovirus infection and the risk of hematologic 

malignancy among solid organ transplant recipients 

Introduction 

Cytomegalovirus (CMV) is a ubiquitous human herpesvirus (HHV-5) infecting 

roughly 60% of the U.S adult population.123 CMV typically only causes asymptomatic or 

mild flulike illness in otherwise healthy adults, but in transplant recipients CMV poses a 

significant risk of morbidity and mortality. CMV infection following solid organ 

transplantation (SOT) can manifest as undifferentiated fever; CMV pneumonia, hepatitis, 

and enteritis; and CMV retinitis. CMV is also a significant co-factor in allograft rejection 

and death. 39–41,124 The greatest risk for CMV disease post-SOT occurs when the recipient 

develops primary CMV infection under sustained immunosuppressive regimens used for 

SOT. 43,44 Primary infection can occur if the recipient is CMV seronegative at the time of 

transplant and is either exposed in the community or, more commonly, when receiving an 

organ transplant from a donor who is CMV seropositive.  

Though typically associated with Epstein-Barr virus (EBV) infections, post-

transplant lymphoproliferative disorder (PTLD) has also been shown to develop in CMV 

infected transplant recipients.45,46 In a retrospective cohort study of primary EBV 

infection among liver transplant recipients, CMV disease post-transplant was 

significantly associated with PTLD in the presence of EBV (RR: 7.3, 95% CI: 2.36 – 

22.6).47 CMV has also been shown as an independent predictor of PTLD; a prospective 

study of risk factors for PTLD among recipients of solid organs found CMV 

seromismatch (recipient CMV negative, donor CMV positive) was associated with a 3-
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fold risk of PTLD compared to no CMV seromismatch (IRR: 3.02, 95% CI: 1.11, 8.27).46  

Similarly, CMV disease during the first year post-transplant was also associated with 

subsequent non-Hodgkin lymphoma (NHL).48 CMV infection as it relates to other 

hematologic malignancies post-transplantation is not well-defined.  

Recently, congenital CMV (cCMV) has emerged as a potential risk factor for 

acute lymphoblastic leukemia (ALL) the most common pediatric malignancy.81 In a 

population-based sample, CMV from newborn dried blood spots (DBS) was detected in 

9.7% of ALL cases but in only 3.0% of healthy controls (OR: 3.71, 95% CI: 1.71-8.95).78 

A second study conducted in population-based registries of Sweden found that medically 

documented CMV acquired in early childhood was associated with a dramatic increase in 

risk of hematological malignancies, including ALL (HR: 11.2; 95% CI: 5.8-21.5).79  

Transplant recipients have an increased risk of cancer following transplantation 

and prior donor and recipient CMV infections are common. We therefore examined the 

potential association between CMV infection post-transplant and the risk of hematologic 

malignancy among solid organ transplant recipients. Using data from the Transplant 

Cancer Match Study (TCM), which uses registry-based ascertainment of cancer in 

transplant recipients, this represents the largest prospective study of CMV and 

hematologic cancer incidence to date.  

 

Methods 

Transplant Cancer Match Study 

The study cohort consisted of solid organ transplant recipients enrolled in the 

TCM study. The TCM study (http://transplantmatch.cancer.gov) has been previously 

http://transplantmatch.cancer.gov/
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described in detail.125 Briefly, computer-based linkages were made between the Scientific 

Registry of Transplant Recipients (SRTR) and 32 U.S state and regional cancer registries. 

Transplant recipients are included in TCM if, based on their address at the time of listing 

or transplantation, they resided in a region covered by one of the participating cancer 

registries. The SRTR includes data regarding all US solid organ transplants in 

participating registries since 1987.  

Since 2015, the United Network of Organ Sharing (UNOS) has required reporting 

of recipient and donor CMV serologies at the time of transplant, and these data are 

available in the SRTR. 126 The primary exclusion criterion in our present study was 

missing CMV IgG status at the time of transplant for the recipient or for the donor when 

the recipient was CMV IgG negative. Data on CMV IgG serostatus at the time of 

transplant was unavailable for most recipients (69%) between 1987 – 1999, therefore, we 

restricted analysis to the years 2000 and onward. Of the 672,603 individuals in the US 

who received a first transplant during 1987-2017, we excluded 211,973 (31.5%) because 

they were transplanted outside of participating cancer registry regions, 117,404 (17.5%) 

because they were transplanted before the year 2000 or lacked follow-up, 29,875 (4.4%) 

because they had a cancer diagnosis before transplantation, and 1,021 (0.2%) because 

they had human immunodeficiency virus infection, and 106 (0.02%) if they had more 

than one donor. Finally, we excluded an additional 19,139 (2.8%) transplant recipients 

who were missing CMV IgG serostatus pre-transplant, or if they were seronegative, their 

donor was missing CMV serostatus. After these exclusions, 247,318 (36.8%) transplants 

were included in the final analysis.  
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The study is considered non-human subjects research by the National Cancer 

Institute and was approved, as required, by participating cancer registries.  

 

Cancer Ascertainment 

 Incident cases of Hodgkin lymphoma, NHL, leukemia, and myeloma were 

identified from the 32 linked population-based cancer registries using the Surveillance, 

Epidemiology, and End Results (SEER) program “site recode” based on the International 

Classification of Diseases for Oncology, 3rd Edition (ICD-O-3) histology codes, updated 

for the Hematopoietic codes based on World Health Organization (WHO) 2008 

Classification of Tumours of Haematopoetic and Lymphoid Tissues.127,128  Lymphoma 

subtypes were classified using ICD-O-3 site and histology codes according to current 

International Lymphoma Epidemiology (InterLymph) Consortium consensus 

guidelines.129  

 

CMV Risk Groups and Risk Factor Data 

 CMV serostatus was categorized into three risk groups according to pre-transplant 

IgG serostatus obtained from SRTR data of donors and recipients, to reflect risk of active 

CMV infection and disease post-transplant: high risk (recipient negative and donor 

positive [R-/D+]), intermediate risk (recipient seropositive regardless of donor serostatus 

[R+]), and low risk (recipient and donor seronegative [R-/D-]).43 

 Data on covariate risk factors were obtained from linked SRTR records, including 

recipient characteristics (age at transplantation, sex, race/ethnicity), transplant 

characteristics (organ, number, calendar year), and immunosuppression medications 
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(induction and baseline immunosuppression maintenance therapies). EBV serostatus for 

recipients was defined by three risk groups as follows: high risk: recipient negative and 

donor positive (EBV R-/D+), intermediate risk: recipient positive and donor positive or 

negative (EBV R+), and low risk: recipient negative and donor negative (EBV R-/D-). 

EBV status was available for 74% of the cohort. Socioeconomic status (SES) quintiles 

were constructed by recipients’ ZIP code at the time of transplantation using methods 

developed by Yost et al.130 Briefly, SES index was assessed for every ZIP Code 

Tabulation Area (ZCTA) using American Community Survey data on seven measures of 

SES: percent working class and unemployed, education index, percent living below 

150% of the poverty line, median household income, median home value, and median 

rent. ZCTAs were categorized into quintiles and merged on recipient ZIP code.  

 

Statistical Analysis 

 Follow-up for cancer started at the time of transplantation and ended at the 

earliest of death, graft failure, retransplantation, loss to follow-up by SRTR, or end of 

cancer registry coverage. Crude incidence rates (IRs) for each cancer, defined as the 

number of outcomes per 100,000 person-years of follow-up, were calculated in recipients 

by CMV risk group. To compare cancer risk by CMV risk group, we estimated incidence 

rate ratios (IRRs) with 95% confidence intervals using multivariable Poisson regression 

models adjusted for recipient sex, age at transplantation, race/ethnicity, SES quintile, 

transplanted organ (kidney, liver, or other/multiple), and EBV risk group. Included 

variables in the models were evaluated by backward elimination and likelihood ratio test 

of the nested models. An offset term of the log of the follow-up time was included in the 
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models to account for differences in exposure period. Goodness of fit and overdispersion 

of the models were assessed by deviance goodness-of-fit Chi-square and kurtosis score, 

respectively. For diffuse large B-cell lymphoma (DLBCL), the most common subtype of 

NHL, we assessed risk by time post-transplantation by stratifying on follow-up. The 

interaction of CMV and EBV risk groups on DLBCL risk was assessed by including an 

interaction term in the multivariable models. Reported P values are two-sided. Because 

our analysis was exploratory, we did not correct for multiple testing and p-values less 

than 0.05 are considered statistically significant. Stata/MP version 16.1 (StataCorp LP, 

College Station, Texas) was used for all statistical analyses.  

 

Results 

We evaluated 247,318 solid organ transplant recipients with 1,245,369 total 

person-years of follow-up. Table 3- 1 describes the demographic and transplant 

characteristics of these individuals by CMV risk group. Overall, 62.9% of the cohort was 

CMV seropositive pre-transplant (R+), while 20.3% was CMV seronegative with a 

seropositive donor (R-/D+) and 16.8% was seronegative with a seronegative donor (R-

/D-) The R+ group was more likely to be female (42.2%) than the R-/D- (33.2%) and the 

R-/D+ groups (32.7%) (p<0.001) and was also older (mean age 50.0 years) than 

seronegative recipient groups (R-/D-: 43.4 years; R-/D+: 44.4 years) (p<0.001). The 

greatest racial/ethnic diversity was among the R+ group, among which 51.5% identified 

as a racial/ethnic group other than non-Hispanic white. Recipients who were CMV 

seropositive tended to also be EBV seropositive pre-transplant (67.4%), and this 

proportion was slightly higher than among R-/D- (62.2%) and R-/D+ (61.7%) groups 
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(p<0.001). The CMV seronegative groups had a higher proportion of individuals in the 

two highest SES quintiles (R-/D-: 44.0%; R-/D+: 41.9%) than the R+ group (35.8%) 

(p<0.001).  Kidneys were the most commonly transplanted organ across all three groups 

(61.4% of transplants overall). 

  Through the 32 linked population-based cancer registries, a total of 2,339 

primary incident hematologic malignancies were identified: 61 Hodgkin lymphoma, 

1,786 NHL, 276 leukemias, and 216 myeloma diagnoses. Among NHL histological 

subtypes, diffuse large B-cell lymphoma (DLBCL) was the most prevalent (66.8%). 

Sixty-two percent of the leukemia cases were of myeloid lineage, with acute myeloid 

leukemia (AML) having the greatest incidence (9.0 cases per 100,000 p-y).  

 Table 3- 2 describes the risk of hematologic malignancy by CMV recipient/donor 

status post-transplantation. Overall, the risk of Hodgkin lymphoma was 67% lower 

among the R+ group compared to the lowest-risk group (R-/D-) (IRR: 0.33, 95% CI: 0.18 

– 0.62). However, after adjusting potential confounders, which included age at transplant, 

sex, race/ethnicity, transplanted organ, EBV recipient/donor status, and SES quintile, the 

association was no longer significant (adjusted IRR [aIRR]: 0.47, 95% CI: 0.19 – 1.18). 

Risk was also inversely associated among the R-/D+ group compared to the R-/D- group, 

but was not statistically significant (aIRR: 0.75, 95% CI: 0.29 – 1.96). The risk of 

DLBCL was significantly lower in both the R+ and R-/D+ groups compared to the R-/D- 

group. After adjusting for covariates, the R+ group had a 17% reduction in risk (aIRR: 

0.83, 95% CI: 0.69 – 1.00) while the R-/D+ group had a 26% reduction in risk (aIRR: 

0.74, 95% CI: 0.59 – 0.91). There were no other significant associations within NHL by 

other specific histologic subtypes.  
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 The risk of lymphoid leukemias as a single entity was not significantly different 

than that of the low-risk group; however, there was a non-significant inverse association 

for the R-/D+ group compared with the R-/D- group (aIRR 0.65, 95% CI: 0.23 – 1.89). In 

contrast, the risk of myeloid leukemias appeared elevated among the R+ (aIRR: 1.39, 

95% CI: 0.79 – 2.43) and R-/D+ (aIRR: 1.08, 95% CI: 0.56 – 2.07) groups as compared 

to the R-/D- group but was not statistically significant.  

 Associations of CMV serostatus with DLBCL differed by time post-transplant 

(Figure 3- 1). The greatest reduction in risk was seen immediately following 

transplantation (0-1.99 years) and 10+ years post-transplant in both the R+ and R-/D+ 

groups compared to the R-/D- group. For the R+ group, this corresponded to a 37% 

reduction in risk 0-1.99 years following transplant (aIRR: 0.63, 95%CI: 0.42-0.94) and 

34% reduction at 10+ years (0.66, 0.45-0.96). For the R-/D+ group, there was a 

nonsignificant reduction in risk 0-1.99 years post-transplant (aIRR: 0.73, 95%CI: 0.48-

1.12) and a significant 51% reduction 10+ years post-transplant (0.49, 0.29-0.81). 

 To assess the effect of EBV on the association between CMV and risk of DLBCL, 

we stratified on EBV recipient and donor serostatus pre-transplant using the same risk 

groupings we created for CMV recipient and donor status (Figure 3- 2 and Table 3- 3). 

EBV serostatus was an effect modifier between CMV serostatus and DLBCL (p-value for 

interaction =0.0006).  In the absence of prior CMV infection (CMV R-/D-), there was a 

significantly increased risk of DLBCL among EBV R-/D+ recipients compared to EBV 

R-/D- (aIRR: 3.46, 95% CI: 1.50 – 7.95) (p-value =0.004). In contrast, DLBCL risk was 

not significantly different among the EBV R-/D+ recipients in the CMV R+ group or R-

/D+ groups when compared to the recipients who were R-/D- for both CMV and EBV.   
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 We also assessed the potential interaction between induction or maintenance 

medications and CMV on the risk of DLBCL. Table 3- 4 describes the frequency of 

therapies used post-transplant by CMV risk group. The use of induction medication was 

similar across risk groups, with an average of 81.2% of all recipients undergoing some 

type of induction therapy. Steroids were the most frequently used (64.6%), followed by 

polyclonal antibodies (32.1%) and IL2 receptor antagonists (28.0%).  For maintenance 

immunosuppression, tacrolimus or mycophenolate mofetil (MMF) were the most 

commonly used (82.8%) and typically in conjunction with steroids (78.1%). Among 

those who were given an IL2 receptor antagonist for induction immunosuppression, the 

risk of DLBCL was significantly lower, however, the interaction was not significant (p-

value for interaction =0.69) (Table 3- 5); Compared to the R-/D- group, there were 31% 

(aIRR: 0.69, 95% CI: 0.53 – 0.90) and 45% (aIRR: 0.55, 95% CI: 0.38 – 0.79) reductions 

in risk among the R+ and R-/D+ groups, respectively. In contrast, the risks of DLBCL 

were significantly elevated among those who received monoclonal antibody therapy in 

the R+ (IRR: 2.32, 95% CI: 1.02 – 5.24) and R-/D+ (aIRR: 3.28, 95% CI: 1.05 – 10.30) 

groups (p-value for interaction =0.45). Maintenance medication, in contrast, was an effect 

modifier between CMV serostatus and DLBCL (p-value for interaction=0.009). Those in 

the R+ group who were given cyclosporine and/or azathioprine for maintenance 

immunosuppression also had an elevated risk of DLBCL compared to the R-/D- group 

(IRR: 1.94, 95% CI: 1.33 - 2.84). However, this effect was not significant among the R-

/D+ group (IRR: 1.09, 95% CI: 0.56 – 2.14).  
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Discussion 

Recipients of a solid organ transplant have an elevate risk of cancer, especially for 

malignancies caused by viral infections.125,131,132 Virus-associated cancers included NHL 

and Hodgkin lymphoma (both due to EBV) and anogenital cancers (human 

papillomavirus). CMV is among the most common viral infections following SOT and 

has been implicated in the development of PTLD and NHL. However, CMV in relation to 

other hematologic malignancies have not been studied. Here we present the largest 

investigation of CMV infection status pre-transplant as it relates to the risk of incident 

Hodgkin lymphoma, NHL, leukemia, and myeloma following solid organ transplantation 

in the US We identified that both positive CMV recipient serostatus and CMV sero-

mismatch (R-/D+) were associated with significantly lower risks of DLBCL compared to 

CMV seronegative recipient/donor pairs. Our results suggest the risk of DLBCL differs 

according to recipient and donor EBV serostatus. Moreover, risk was modified by receipt 

of maintenance immunosuppression, in which cyclosporine or azathioprine were 

associated with significantly elevated risk among the R+ group.   

 There have been few comparable studies of hematologic malignancy and CMV 

infection in the context of solid organ transplantation. A retrospective cohort study by 

Opelz et al.48 of 23,340 kidney, heart, and liver transplants was undertaken to assess the 

risk of NHL and recipient seropositivity for EBV or CMV. The authors found 

hospitalization for CMV disease during the first year post-transplant was associated with 

subsequent NHL (hazard ratio: 6.1, 95% CI: 2.0-18.4). However, there were no 

significant differences in lymphoma rates according to CMV positive or negative 

serostatus. The risk of PTLD, which includes NHL, and its association with CMV 
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infection post-transplant was assessed by Mañez et al.47 among recipients who EBV 

seroconverted post-transplant. Of the 35 patients who seroconverted to EBV, CMV 

disease was observed in 54% (7/13) of patients who developed PTLD but in only 18% 

(4/22) of patients who did not develop PTLD (RR: 7.30, 95% CI: 2.36 - 22.61). However, 

neither study assessed lymphoma subtypes or other hematologic cancers.  

 We observed a significant inverse association between R-/D+ CMV serostatus 

and risk of DLBCL, which was contrary to our initial hypothesis that cancer incidence 

would be greatest among those at the highest risk of CMV infection or reactivation post-

transplant. Two types of immune cells that are expanded during CMV infection have 

been implicated in CMV-induced protection against cancer:  T cells and a subset of 

natural killer (NK) cells.133 During primary CMV infection,  T cells are significantly 

expanded.134,135 In vivo, this expansion of  T cells has been associated with the viral 

clearance of CMV and reduced cancer occurrence or leukemia relapse risk in kidney 

transplant patients and allogenic stem cell transplant (ASCT) recipients, respectively.136–

141 In the setting of ASCT, a prospective study of 153 ALL and AML patients undergoing 

partially mismatched related ASCT showed improved leukemia-free survival and overall 

survival in patients with increased  T cell numbers in peripheral blood.142 Like  T 

cells, NK cells have also exhibited anti-leukemic properties, specifically in the context of 

ASCT, in which CMV reactivation after transplantation is associated with decreased 

relapse risk.143–148 It has been hypothesized that the effect is due to a shift in the 

composition of NK cell subsets, specifically driven by an increased proportion of 

NKG2Cpos/NKG2Aneg NK cells, the “adaptive NK cell” subset.  Reactivated CMV 

infections trigger expansions of NKG2Cpos/NKG2Aneg NK cells, which enable 
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elimination and containment of CMV-infected cells that up-regulate HLA-E.149–153 This 

CMV-induced accumulation of NKG2Cpos/NKG2Aneg NK cells is associated with a 

strong anti-leukemic and anti-myeloma effect that is proportionate with the magnitude of 

tumor cell HLA-E expression.147,150 We thus hypothesize that it is plausible that CMV 

could reduce the risk of DLBCL but it remains unclear why we don’t see this effect in the 

other lymphoma subtypes.  

EBV infection is the most important predictor of PTLD, including DLBCL, 

among transplant recipients. We found when stratified by CMV and EBV risk groups, 

those who were CMV R-/D- and were EBV R-/D+ were significantly more likely to 

develop DLBCL compared to those who were EBV and CMV R-/D-. This finding is 

consistent with our expectation that the incidence of DLBCL would be elevated among 

those EBV R-/D+ post-transplant. However, when the recipient had R+ or R-/D+ CMV 

status, the association of EBV and DLBCL was no longer present.  

 Immunosuppression therapies appeared to modify the association between CMV 

risk post-transplant and subsequent DLBCL, particularly for maintenance 

immunosuppression regimens. We observed a significant interaction between 

maintenance therapy combinations used and CMV on risk of DLBCL. Recipients who 

were CMV positive at baseline who were taking cyclosporine and/or azathioprine had 

94% greater risk of DLBCL compared to the low-risk CMV group. Azathioprine, an 

inhibitor of purine synthesis, has been associated with 3 times greater odds of cancer 

compared to MMF therapy. However in the same study, there was no significant 

difference between cyclosporine and tacrolimus on the odds of cancer occurrence.154  



 

 

60 

We did not observe any significant associations with CMV risk and the development 

of HL, leukemia, or myeloma. However, in the unadjusted model, the risk of HL was 

significantly lower among the R+ group compared to the R-/D- group, and risk remained 

lower after adjusting for confounders but was no longer significant. Considering the 

number of HL cases was low (n=61), this may have been an issue of power. Similarly, 

there were very few cases of leukemia (lymphoid n = 67; myeloid n=171) which may 

have contributed to our null finding. Specifically, our findings were not concordant with 

the small literature on the association between CMV and ALL.78,79 However, as the 

confidence intervals around our estimate were wide and we saw only 16 cases of ALL, 

this also may have been an issue of power.   

Strengths of this study include access to data from the SRTR and linked cancer 

registries for the ascertainment of transplants and cancers, resulting in this being the 

largest investigation of CMV and risk of hematologic malignancies to our knowledge. 

The large sample size allowed us to restrict our analysis to a clinically relevant time 

period for ascertainment of CMV donor and recipient serostatus. The use of transplant 

registry data linked to the cancer registry provided a unique cohort to examine cancer 

outcomes and exposures that would be otherwise costly or difficult to obtain data on, 

such as CMV infection. Another strength of this study is our findings are generalizable to 

solid organ transplants performed in the US Limitations of our study are primarily based 

on missing serology data for CMV post-transplantation. Also, follow-up CMV IgG 

antibody data was available for less than 10% of recipients in 24 months of follow up. 

Therefore, we had limited information on CMV seroconversion rates and how they 

corresponded to CMV risk groups in regard to distinguishing between primary and 
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reactivated infection. Additionally, we did not have data on CMV viral load during 

follow-up which could allow for better characterization of the role of CMV replication in 

the risk of DLBCL. EBV serostatus was also missing for 22.3% of recipients at baseline 

and therefore residual confounding may be possible.  

Cancer and viral infections are two of the leading causes of morbidity among solid organ 

transplant recipients. CMV in particular has been implicated in increased risk of 

subsequent NHL post-transplant and ALL in in utero infection, and yet has a protective 

effect against AML relapse in HSCT and SOT with kidney transplantation. Given the 

findings of our study, it appears CMV may have both a pathogenic and protective role in 

DLBCL carcinogenesis, depending upon the context, specifically, the adjunctive use of 

immunomodulatory therapy. While this finding is unexpected, both in vitro and 

epidemiologic data have pointed to the immunomodulatory effects of CMV as a possible 

mechanism. Future work is needed to characterize the role of CMV infection and 

reactivation post-transplant and to further investigate the impact of maintenance 

immunotherapy regimens on the risk of DLBCL. 
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Table 3- 1. Characteristics of US solid organ transplant recipients, according to recipient 

and donor CMV serostatus 

  
CMV Status Pre-TX (Recipient/Donor Pairs) 

Recipient Characteristic R-/D- R+ R-/D+ Total 

Total  41,518 (16.8%) 155,666 (62.9%) 50,134 (20.3%) 247,318 (100%) 

Gender  
    

Male 27,743 (66.8%) 89,912 (57.8%) 33,763 (67.4%) 151,418 (61.2%) 

Female 13,775 (33.2%) 65,754 (42.2%) 16,371 (32.7%) 95,900 (38.8%) 

Age at Transplant, years  
    

0-17 4,937 (11.9%) 6,536 (4.2%) 5,458 (10.9%) 16,931 (6.9%) 

18-34 6,561 (15.8%) 17,237 (11.1%) 7,417 (14.8%) 31,215 (12.6%) 

35-49 11,503 (27.7%) 40,006 (25.7%) 13,694 (27.3%) 65,203 (26.4%) 

50-64 14,646 (35.3%) 67,639 (43.4%) 18,405 (36.7%) 100,690 (40.7%) 

65+ 3,871 (9.3%) 24,248 (15.6%) 5,160 (10.3%) 33,279 (13.5%) 
     

Median age, years 47 53 48 51 
     

Race/Ethnicity 
    

NH White 31,264 (75.3%) 73,556 (47.3%) 34,842 (69.5%) 139,662 (56.5%) 

NH Black 5,328 (12.8%) 35,704 (22.9%) 7,668 (15.3%) 48,700 (19.7%) 

Hispanic 3,870 (9.3%) 31,373 (20.2%) 6,032 (12.0%) 41,275 (16.7%) 

Asian/Pacific Islander 738 (1.8%) 13,104 (8.4%) 1,117 (2.2%) 14,959 (6.0%) 

Other or Unknown 318 (0.8%) 1,929 (1.2%) 475 (1.0%) 2,722 (1.1%) 
     

Transplanted Organ 
    

Kidney 25,959 (62.5%) 97,980 (62.9%) 27,842 (55.5%) 151,781 (61.4%) 

Other/Multiple 9,611 (23.2%) 31,248 (20.1%) 13,651 (27.2%) 54,510 (22.0%) 

Liver 5,948 (14.3%) 26,438 (17.0%) 8,641 (17.2%) 41,027 (16.6%) 
     

Calendar Year of 
Transplant 

    

2000-2004 11,817 (28.5%) 43,301 (27.8%) 13,402 (26.7%) 68,520 (27.1%) 

2005-2009 12,239 (29.5%) 48,330 (31.1%) 15,748 (31.4%) 76,317 (30.9%) 

2010-2014 11,235 (27.1%) 42,053 (27.0%) 13,642 (27.2%) 66,930 (27.1%) 

2015-2017 6,227 (15.0%) 21,982 (14.1%) 7,342 (14.6%) 35,551 (14.4%) 
     

EBV Status Pre-Transplant 
    

Positive 25,814 (62.2%) 104,973 (67.4%) 30,928 (61.7%) 161,715 (65.4%) 



 

 

63 

Negative 7,709 (18.6%) 14,013 (9.0%) 8,839 (17.6%) 30,561 (12.4%) 

Unknown 7,995 (19.3%) 36,680 (23.6%) 10,367 (20.7%) 55,042 (22.3%) 
     

Education Status (for 
recipients >21 years) 

    

None 47 (0.1%) 864 (0.6%) 97 (0.2%) 1,008 (0.4%) 

Grade school 621 (1.7%) 10,141 (6.9%) 1,005 (2.3%) 11,767 (5.2%) 

High school/GED 12,235 (34.2%) 57,267 (38.9%) 15,523 (35.5%) 85,025 (37.5%) 

Attended college/technical  8,855 (24.7%) 31,869 (21.6%) 10,909 (24.9%) 51,633 (22.8%) 

Associate/Bachelors 7,211 (20.1%) 20,633 (14.0%) 8,060 (18.4%) 35,904 (15.8%) 

Post-graduate 3,181 (8.9%) 8,497 (5.8%) 3,410 (7.8%) 15,088 (6.6%) 

Unknown 3,644 (10.2%) 18,066 (12.3%) 4,730 (10.8%) 26,440 (11.7%) 
     

Yost SES Quintile 
    

1: Lowest 5,711 (13.8%) 32,573 (20.9%) 7,952 (15.9%) 46,236 (18.7%) 

2: Low 7,192 (17.3%) 30,145 (19.4%) 8,976 (17.9%) 46,313 (18.7%) 

3: Mid 7,819 (18.3%) 30,676 (19.7%) 9,652 (19.3%) 48,147 (19.5%) 

4: High 8,885 (21.4%) 29,127 (18.7%) 10,480 (20.9%) 48,492 (19.6%) 

5: Highest 9,361 (22.6%) 26,570 (17.1%) 10,527 (21.0%) 46,458 (18.8%) 

Unknown 2,550 (6.1%) 6,575 (4.2%) 2,547 (5.1%) 11,672 (4.7%) 

 

 

All entries are N (%) unless otherwise noted. All percentages are column percentages 

except for totals (row percentages). 
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Table 3- 2. Risk of hematologic malignancies by CMV recipient/donor serostatus pre-transplantation. 

 

   
CMV Recipient/Donor Status Post-Transplant 

 

 
Total R-/D- (Referent) R+ R-/D+ 

Cancer Group N IR N  IR  N IR   Adj. IRR (95% CI) N IR Adj. IRR (95% CI) 

Hodgkin lymphoma 61 4.9 19 8.8 21 2.69 0.47 (0.19 - 1.18) 21 8.49 0.75 (0.29 - 1.96) 

Non-Hodgkin 
lymphoma, NOS 

270 21.7 48 22.2 164 21 1.36 (0.66 - 2.80) 58 23.5 1.56 (0.74 - 3.30) 

Diffuse large B-cell 
lymphoma 

1193 95.8 267 123.6 680 86.9 0.83 (0.69 - 1.00) 246 99.5 0.74 (0.59 - 0.91) 

Burkitt lymphoma 101 8.1 22 10.2 53 6.8 1.36 (0.66 - 2.80) 26 10.5 1.56 (0.74 - 3.30) 

Follicular Lymphoma 39 3.1 9 4.2 21 2.7 0.94 (0.29 - 3.01) 9 3.6 1.48 (0.43 - 5.09) 

Lymphoplasmacytic 
Lymphoma 

12 1.0 1 0.5 11 1.4 - 0 - - 

Mantle Cell 10 0.8 2 0.9 7 0.9 - 1 0.4 - 

Marginal Zone 61 4.9 11 5.1 39 5.0 0.79 (0.34 - 1.82) 11 4.4 0.53 (0.17 - 1.64) 

Peripheral T-cell 
Lymphoma 

49 3.9 10 4.6 26 3.3 0.71 (0.28 - 1.80) 13 5.3 0.98 (0.35 - 2.73) 

ALCL 23 1.8 5 2.3 10 1.3 0.70 (0.13 - 3.73) 8 3.2 1.62 (0.30 - 8.90) 

Mycosis 
Fungoides/Sézary's 

Syndrome 

16 1.3 3 1.4 9 1.2 0.92 (0.17 - 4.88) 4 1.6 0.82 (0.11 - 5.87) 

Pre-cursor B- or T-Cell 
Lymphoblastic 

Leukemia/Lymphoma 

12 1.0 4 1.9 6 0.8 0.60 (0.13 - 2.71) 2 0.8 0.23 (0.02 - 2.19) 

Lymphoid leukemia, 
total 

67 5.4 14 6.5 40 5.1 0.97 (0.42 - 2.24) 13 5.3 0.65 (0.23 - 1.89) 

Acute Lymphocytic 15 1.2 4 1.9 11 1.4 0.95 (0.23 - 3.85) 0 - - 
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Chronic 
Lymphocytic/Small 

Lymphocytic Lymphoma 

52 4.2 10 4.6 29 3.7 0.98 (0.35 0 2.79) 13 5.3 1.06 (0.32 - 3.49) 

Myeloid leukemia, total 171 13.7 25 11.6 116 14.8 1.39 (0.79 - 2.43) 30 12.1 1.08 (0.56 - 2.07) 

Acute Myeloid 112 9.0 13 6.0 76 9.7 1.83 (0.84 - 3.95) 23 9.3 1.58 (0.67 - 3.70) 

Chronic Myeloid 59 4.7 12 5.6 40 5.1 0.93 (0.41 - 2.14) 7 2.8 0.54 (0.18 - 1.66) 

Other leukemia 18 1.4 3 1.4 11 1.4 3.02 (0.37 - 24.93) 4 1.6 1.72 (0.16 - 19.03) 

Aleukemic, 
subleukemic and NOS 

20 1.6 4 1.9 10 1.3 0.55 (0.16 - 1.92) 6 2.4 0.76 (0.19 - 3.06) 

Myeloma 216 17.3 32 14.8 145 18.5 0.94 (0.59 - 1.51) 39 15.8 0.82 (0.46 - 1.46) 

 

Incidence rates are per 100,000 person-years. Adjusted IRR models include adjustment for recipient sex, age (0-17, 18-34, 35-49, 50-

64, 65+ years), race/ethnicity, organ type (kidney, liver, other/multiple), EBV recipient/donor status (EBV R-/D-, EBV R+, EBV R-

/D+), and SES quintile. Significant associations are underlined. 

Abbreviations: ALCL – anaplastic large cell lymphoma; ALL – acute lymphoblastic leukemia; AML – acute myeloid leukemia; CI - 

confidence interval; CLL/SLL - chronic lymphocytic leukemia / small lymphocytic lymphoma; CML – chronic myeloid leukemia ; 

DLBCL – diffuse B cell lymphoma; IR- incidence rate; IRR – incidence rate ratio; NOS- not otherwise specified. 



  66 

Figure 3- 1. Associations of diffuse large B-cell lymphoma with CMV risk group as a function of time since transplantation. 

 

 

Associations of diffuse large B-cell lymphoma with CMV risk group as a function of time since transplantation.  

Incidence rate ratios and 95% confidence intervals of CMV risk groups compared to R-/D- group. Abbreviations: CI – confidence 

interval; IRR – incidence rate ratio. 
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Figure 3- 2. Interaction between CMV and EBV risk groups and the risk of DLBCL. 

 

 

The model is adjusted for recipient sex, age (0-17, 18-34, 35-49, 50-64, 65+ years), race/ethnicity, organ type (kidney, liver, 

other/multiple), and SES quintile. Abbreviations:CI – confidence interval; EBV – Epstein-Barr virus; IRR – incidence rate ratio; REF 

– reference; 
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Table 3- 3. Interaction between CMV and EBV on the risk of DLBCL post-transplant. 

 
CMV status EBV status N IR Adjusted IRR (95% CI) 

R-/D- 

R-/D- 7 124.9 1 (Reference) 

R+ 103 82.6 0.73 (0.32-1.68) 

R-/D+ 77 419.5 3.46 (1.50-7.95) 

R+ 

R-/D- 10 190.0 1.91 (0.69-5.28) 

R+ 379 77.0 0.73 (0.32-1.65) 

R-/D+ 68 201.1 1.61 (0.69-3.74) 

R-/D+ 

R-/D- 6 249.9 2.45 (0.79-7.61) 

R+ 100 70.9 0.58 (0.25-1.32) 

R-/D+ 58 268.0 2.01 (0.87-4.68) 

 

Likelihood ratio: 19.61; p=0.0006. IRs per 100,000 person-years. Adjusted IRR models 

include adjustment for recipient sex, age (0-17, 18-34, 35-49, 50-64, 65+), race/ethnicity, 

organ type (kidney, liver, other/multiple), and SES quintile.  
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Table 3- 4. Distribution of induction and maintenance immunosuppression medications by CMV recipient/donor status pre-transplant. 

 
Medication CMV Status Pre-TX (Recipient/Donor Pairs)  

Induction regiment, n (%) R-/D- R+ R-/D+ Total 

Any induction therapy 33,553 (80.8%) 127,342 (81.8%) 39,975 (79.7%) 200,870 (81.2%) 

Polyclonal antibody 12,998 (31.3%) 51,057 (32.8%) 15,117 (30.2%) 79,172 (32.1%) 

Monoclonal antibody 223 (0.5%) 832 (0.5%) 274 (0.6%) 1,329 (0.5%) 

IL2 receptor antagonists 11,681 (28.1%) 43,297 (27.8%) 14,358 (28.6%) 69,336 (28.0%) 

Campath 3,034 (7.3%) 10,130 (6.5%) 3,156 (6.3%) 16,320 (6.6%) 

Rituximab 161 (0.4%) 817 (0.5%) 191 (0.4%) 1,169 (0.5%) 

Steroids* 26,287 (63.3%) 101,768 (65.4%) 31,659 (63.2%) 159,714 (64.6%) 
     

Maintenance immunosuppression, n (%) 
    

Only Tacrolimus or MMF 34,023 (82.0%) 129,657 (83.3%) 40,993 (81.8%) 204,673 (82.8%) 

Only Cyclosporine or Azathioprine 1,645 (4.0%) 5,131 (3.3%) 2,064 (4.1%) 8,840 (3.6%) 

Other combination 5,850 (14.1%) 20,878 (13.4%) 7,077 (14.1%) 33,805 (13.7%) 

mTOR inhibitor 2,998 (7.2%) 9,190 (5.9%) 3,265 (6.5%) 15,453 (6.3%) 

Steroids* 31,444 (74.7%) 122,479 (78.7%) 39,228 (78.3%) 193,151 (78.1%) 

 

All entries are N (%) unless otherwise noted. All percentages are column percentages. Steroid use was in combination with other 

induction or maintenance regiments. Abbreviations: MMF – mycophenolate mofetil. 
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Table 3- 5. Interaction between induction or maintenance medications and CMV on the 

risk of DLBCL post-transplantation. 

 

Medications  CMV Status Pre-TX (Recipient/Donor Pairs) 

Induction 
Medications 

  

Any induction 
 

R-/D- 
(REF) 

R+ R-/D+ 

LR: 0.48; p=0.79 Y 1 1.03 (0.71 - 1.50) 0.94 (0.63 - 1.39) 
 

N 1 0.87 (0.57 - 1.33) 0.67 (0.40 - 1.12) 

Polyclonal 
    

LR: 0.25; p=0.88 Y 1 0.86 (0.66 - 1.11) 0.80 (0.57 - 1.12) 
 

N 1 0.86 (0.69 - 1.06) 0.74 (0.57 - 0.96) 

Monoclonal 
    

LR: 1.61; p=0.45 Y 1 2.32 (1.02 - 5.24) 3.28 (1.05 - 
10.30)  

N 1 0.83 (0.69 - 0.99) 0.73 (0.58 - 0.90) 

IL2 receptor 
antagonists 

    

LR: 0.73; p=0.69 Y 1 0.69 (0.53 - 0.90) 0.55 (0.38 - 0.79) 
 

N 1 0.85 (0.69 - 1.05) 0.78 (0.61 - 1.00) 

Campath 
    

LR: 0.21; p=0.90 Y 1 1.06 (0.71 - 1.56) 0.97 (0.53 - 1.79) 
 

N 1 0.83 (0.68 - 1.00) 0.73 (0.58 - 0.91) 

Rituximab 
    

LR: 1.89; p=0.39 Y 1 1.02 (0.38 - 2.75) - 
 

N 1 0.83 (0.69 - 1.00) 0.74 (0.60 - 0.92) 

Steroids 
    

LR: 0.86; p=0.65 Y 1 0.87 (0.66 - 1.15) 0.82 (0.60 - 1.11) 
 

N 1 0.77 (0.57 - 1.05) 0.64 (0.44 - 0.93) 

Maintenance 
Medications 

    

Combination of 
Medications 

Only 
Tacrolimus 

or MMF 

1 0.72 (0.59 - 0.88) 0.69 (0.55 - 0.87) 

LR: 13.64 ; p=0.009 Only 
Cyclosporine 

or 
Azathioprine 

1 1.94 (1.33 - 2.84) 1.09 (0.56 - 2.14) 

 
Other 

combination 
1 0.98 (0.73 - 1.30) 0.65 (0.40 - 1.04) 

mTOR inhibitor 
    

LR: 0.18 ; p=0.92 Y 1 1.01 (0.67 - 1.53) 1.02 (0.55 - 1.88) 
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N 1 0.84 (0.69 - 1.01) 0.73 (0.58 - 0.91) 

Steroids 
    

LR: 3.64 ; p=0.16 Y 1 0.83 (0.60 - 1.14) 0.67 (0.47 - 0.95) 
 

N 1 0.91 (0.64 - 1.31) 1.03 (0.68 - 1.55) 

 

Models adjusted for recipient’s sex, categorical age, race/ethnicity, organ type, EBV 

recipient/donor status, and SES quintile. Abbreviations: LR – likelihood ratio;  
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Chapter 4: Solid tumor malignancies associated with cytomegalovirus 

infection among solid organ transplant recipients in the United States 

Introduction 

The field of solid organ transplantation (SOT) has made significant strides since 

the 1980s as a treatment for end-stage organ disease. However, long-term use of 

immunosuppressive medications to prevent rejection remains a source of morbidity 

among transplant recipients. In particular, opportunistic viral infections following 

transplantation are a cause of post-transplant malignancy and a threat to long-term graft 

survival.125,131,132  

Cytomegalovirus (CMV) is among the most common viral infections following 

solid organ transplantation. CMV is a member of the herpesvirus family and establishes 

lifelong latency and can undergo periodic reactivation. In immunocompetent individuals, 

CMV infection is typically asymptomatic.1–4 However, in transplant recipients, CMV 

infection can cause severe disease and allograft rejection. The occurrence of CMV 

infection varies according to the organ transplanted, but it is estimated that the incidence 

is up to 32% after kidney transplantation and 22-29% following liver 

transplantation.42,155,156 Primary infection is most likely to occur by transmission from a 

CMV seropositive donor to a seronegative recipient at the time of transplant, but 

community and household transmission following transplantation has also been 

reported.157–160 Alternatively, immunosuppressive therapy required for transplantation 

may cause CMV reactivation due to depressed immune surveillance.43,44  
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The long-term use of immunosuppressive agents to prevent allograft rejection 

increases the risk of cancer. Among US solid organ transplant recipients, the risk of any 

type of cancer is nearly 2 times greater than that of the general population.125,161 CMV 

may also contribute to cancer in SOT recipients. In a small, retrospective cohort study of 

liver transplant recipients who seroconverted to Epstein-Barr virus (EBV), CMV disease 

was a significant predictor of the development of PTLD (RR: 7.3, 95% CI: 2.36-22.6) .47 

In another study, hospitalization for CMV disease during the first year post-transplant has 

also been associated with six-fold higher (HR: 6.1, 95% CI: 1.1-11.3) subsequent risk of 

non-Hodgkin lymphoma (NHL).48 However, there was no significant difference in 

lymphoma rates according to CMV serostatus. 

CMV infection as it relates to other cancers post-transplantation is not well-

defined. Among patients in the general population, CMV nucleic acids and proteins have 

been detected in tumor samples of breast, colon, and prostate cancer as well as 

glioblastoma.73–75 An investigation of breast cancer patients found 100% of primary 

breast cancer samples were CMV positive and that virus positivity was restricted to 

tumor cells in established tumors and metaseses.162 Similarly, the role for CMV in 

glioblastoma pathogenesis has been proposed in several studies, the most notable being 

by Cobbs et al., in which investigators detected CMV nucleic acids and proteins in 100% 

(n=27) of low- and high-grade malignant gliomas.163 However, temporality is of issue in 

these studies since the timing of CMV infection cannot be established. A role for CMV 

has also been hypothesized in the development of pediatric neuroblastoma and Wilm’s 

tumor; in a small study of pediatric brain tumor cases, 53% of Wilm’s tumor patients and 

53% of neuroblastoma patients were found to have complement-fixing antibodies against 



 

 

74 

CMV.77 Overall, these findings support the hypothesis that CMV may exhibit 

oncomodulatory effects that interfere with cellular properties, thereby promoting tumor 

progression.61,74,164 

CMV infection is common among SOT recipients, and cancer is a major adverse 

outcome. 132 We therefore examined the potential association between CMV infection 

post-transplant and the risk of malignancy among solid organ transplant recipients using 

data from the Transplant Cancer Match Study (TCM).  

 

Methods 

The Transplant Cancer Match Study (http://transplantmatch.cancer.gov) has been 

previously described in detail.125 Briefly, the study links data from the Scientific Registry 

of Transplant Recipients (SRTR), which includes all US transplants since 1987, with 32 

US state and regional cancer registries. We included recipients of a first organ transplant 

who resided in a region covered by one of the participating cancer registries at the time of 

transplantation. Data on CMV IgG serostatus at the time of transplant were unavailable 

for most recipients (69%) before 2000, therefore, we restricted analysis to transplants in 

2000 and in subsequent years. The study was considered non-human subjects research by 

the National Cancer Institute and was approved, as required, by participating cancer 

registries. 

Of the 672,603 individuals in the US who received a first transplant during 1987 – 

2017, we excluded 211,973 (31.5%) because they were transplanted outside of 

participating cancer registry regions, 117,404 (17.5%) because they were transplanted 

before the year 2000 or lacked follow-up, 29,875 (4.4%) because they had a cancer 

http://transplantmatch.cancer.gov/
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diagnosis before transplantation, and 1,021 (0.2%) because they had human 

immunodeficiency virus infection, and 106 (0.02%) if they had more than one donor. 

Finally, we excluded an additional 19,139 (2.8%) transplant recipients who were missing 

CMV IgG serostatus pre-transplant, or if they were seronegative, their donor was missing 

CMV serostatus. After these exclusions, 247,318 (36.8%) transplants were included in 

the final analysis. 

 Incident cancers after transplantation were identified from the 32 linked 

population-based cancer registries and classified using a modified version of the 

Surveillance, Epidemiology, and End Results (SEER) program “site recode.” 127,128 

Cancers with similar site (e.g. ureters and urinary bladder) were grouped when the 

specific subtype had fewer than 60 cases. Tumors with fewer than 60 cases that could not 

be grouped (e.g. bones and joints, mesothelioma, eye and orbit) were included in a 

miscellaneous group.  

 CMV status was divided into three risk groups according to SRTR data on 

pretransplant serostatus of donors and recipients, to reflect the risk of active CMV 

infection and disease post-transplant: high risk (recipient seronegative and donor 

seropositive [R-/D+]), intermediate risk (recipient seropositive and donor seropositive or 

seronegative [R+]), and low risk (recipient seronegative and donor seronegative [R-/D-

]).39,165 Other data were obtained from the SRTR regarding recipient characteristics (age 

at transplantation, sex, race/ethnicity), transplant characteristics (organ, calendar year), 

and immunosuppression medications (induction and baseline immunosuppression 

maintenance therapies). EBV serostatus was categorized into three risk groups as 

described for CMV above.  
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Socioeconomic status (SES) quintiles were constructed utilizing recipients’ ZIP 

code at the time of transplantation using methods developed by Yost et al.130 Briefly, SES 

index was assessed for every ZIP Code Tabulation Area (ZCTA) using American 

Community Survey data on seven measures of SES: percent working class and 

unemployed, education index, percent living below 150% of the poverty line, median 

household income, median home value, and median rent. ZCTAs were categorized into 

quintiles.  

 Follow-up for cancer started at the time of transplantation and ended at the 

earliest of death, graft failure, retransplantation, loss to follow-up by SRTR, or end of 

cancer registry coverage. We calculated crude incidence rates, defined as the number of 

outcomes per 100,000 person-years of follow-up, for each cancer for recipients in each 

CMV risk group. To compare the risk by CMV risk group, we estimated incidence rate 

ratios (IRRs) with 95% confidence intervals using multivariable Poisson regression 

models adjusted for sex, age at transplantation, race/ethnicity, SES quintile, organ 

(kidney, liver or other), and EBV risk group. Included variables in the models were 

evaluated by backward elimination and likelihood ratio test of the nested models. An 

offset term of the log of the follow-up time was included in the models to account for 

differences in exposure period. Goodness of fit and overdispersion of the models were 

assessed by deviance goodness-of-fit Chi-square and kurtosis score, respectively. 

Reported P values were two-sided. Because our analysis was exploratory, we did not 

correct for multiple testing and p-values less than 0.05 are considered statistically 

significant. Stata/MP version 16.1 (StataCorp LP, College Station, Texas) was used for 

all statistical analyses.  
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Results 

A total of 247,318 solid organ transplant recipients with 1,245,369 person-years at risk 

were identified. Table 4- 1 describes the demographic and transplant characteristics of 

these individuals by CMV risk group. Overall, 62.9% of the cohort was CMV 

seropositive pretransplant, while 20.3% was CMV seronegative with a seropositive donor 

(R-/D+), and 16.8% was seronegative with a seronegative donor (R-/D-). The R+ group 

was more likely to be female (42.2%) than the R-/D- (33.2%) and R-/D+ (32.7%) groups 

(p<0.001) and was also older (median age: 53 years) than the seronegative recipient 

groups (R-/D-: 47 years; R-/D+: 48 years) (p<0.001). The greatest racial/ethnic diversity 

was among the R+ group, of which more than half (51.5%) identified as a racial/ethnic 

group other than non-Hispanic white. Recipients who were CMV seropositive were also 

likely to be EBV seropositive (67.4%), and this proportion was slightly higher than 

among R-/D- (62.2%) and R-/D+ (61.7%) groups (p<0.001). Kidneys were the most 

prevalent organ transplanted across all three groups, representing 61.4% of transplants, 

overall. Highest attained education status different somewhat by CMV group, with a 

higher proportion of individuals in the R-/D- (29.0%) and R-/D+ (26.2%) groups having 

received either an associate’s or bachelor’s degree compared to the R+ group (19.8%). 

The CMV seronegative groups had a higher proportion of individuals in the high and 

highest SES quintiles (R-/D-: 44.0%; R-/D+: 41.9%) than the R+ group (35.8%) 

(p<0.001). Overall, 81.2% of recipients received some form of induction therapy. For 

maintenance immunosuppressive therapies, 81.2% of recipients received tacrolimus 
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and/or mycophenolate mofetil (MMF), 3.6% received cyclosporine or azathioprine, and 

13.7% were given some other combination of these medications.  

 Overall, we identified 11,831 incident malignant solid tumors. The most common 

were cancers of the lung (16.3%), prostate (13.3%), and kidney (11.1%). By and large, 

incidence was not significantly elevated in the CMV R+ and R-/D+ groups as compared 

to the R-/D- group for most cancers (Table 4- 2). However, incidence of lung cancer was 

found to be 24% higher among the R+ group compared to the R-/D- group (adjusted IRR 

[aIRR]: 1.24, 95% CI: 1.05-1.46), but there was no statistical difference among the R-/D+ 

group (0.94, 0.77-1.14). In contrast, the R-/D+ group had significantly lower incidence of 

small intestine cancer (aIRR: 0.23, 95% CI: 0.09-0.63) compared to the low-risk group. 

The R+ group shared this inverse association, but this association was not significant 

(aIRR: 0.65, 95% CI: 0.37 – 1.16).  

Table 4- 3 presents the stratified analysis by recipient age at transplant and sex 

for select cancers of interest. For both lung and small intestine cancers, there was not 

sufficient data to examine risk in recipients ≤34 years of age. However, one notable 

finding was among recipients aged 50-64 years, the risk of small intestine cancer was 

86% lower in the R-/D+ group compared to the R-/D- group (aIRR: 0.14, 95% CI: 0.03 – 

0.64). The risk of lung cancer was elevated in this age group within the R+ group 

compared to the R-/D- group (aIRR: 1.26, 95% CI: 1.03 – 1.55). When stratified by sex, 

CMV R+ females had a 68% reduction of risk of small intestine cancer compared to 

females in the R-/D- group (aIRR: 0.32, 95% CI: 0.11 – 0.87), while within the R-/D+ 

group males experienced 78% reduction of risk compared to the R-/D- group (0.22, 0.06 

– 0.78). The risk of lung cancer, however, was elevated within R+ males (aIRR: 1.21, 
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95% CI: 1.01 – 1.47). The risk of bladder cancer was also elevated within both R+ and R-

/D+ groups (aIRR: 1.81, 95% CI: 1.05 – 3.12; 2.05, 1.14 – 3.68, respectively) but this 

difference was not seen in females. We did not find any significant differences across age 

or sex for brain, breast, or prostate cancers.  

 

Discussion 

Cytomegalovirus is among the most common viral infections following solid 

organ transplantation. While CMV is generally not regarded to be an oncogenic virus, 

CMV infection has been implicated in cancer. However, CMV in relation to cancers that 

occur post-transplantation is not well-defined.  Here we present the largest investigation 

of CMV infection as it relates to the risk of solid tumor malignancies in the US, 

specifically following solid organ transplantation. Overall, the incidence of solid tumor 

cancers did not differ by CMV R+ or R-/D+ serostatus compared to CMV R-/D-. 

However, we identified R-/D+ CMV was inversely associated with small intestine cancer 

compared to the R-/D- CMV group. Additionally, we found among the R+ group an 

elevated risk of lung cancer compared to the R-/D- group. For both cancers, these 

differences were most pronounced among males and recipients aged 50-64 years. We 

also identified an elevated risk of bladder cancer among males in both the R+ and R-/D+ 

CMV groups compared to the R-/D- group.  

 The role of CMV in carcinogenesis is understudied, however, several studies 

exploring CMV and cancer in the setting of transplantation have been conducted yielding 

inconclusive results. In a small, retrospective cohort study assessing CMV exposure and 

cancer occurrence among 455 kidney transplant recipients, patients who had positive 
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CMV serology pre-transplant (HR: 1.83; 95% CI: 1.17 – 2.88) and post-transplant (HR: 

2.17; 95% CI: 1.02 – 4.59) had significantly greater risk of any cancer compared to CMV 

unexposed recipients. However, no cases of small intestine cancer were observed. Lung 

cancer was marginally more frequent in CMV-exposed patients (3.3% vs 0.5%), but was 

not statistically significant (p=0.092).166 A study by Desai et al 167. of nearly 23,000 solid 

organ recipients in the U.K. Transplant Registry found no statistical difference of overall 

cancer incidence by CMV risk groups but found a two-fold higher risk of kidney cancer 

among kidney transplant recipients (HR: 2.33, p=0.036). In contrast, a case-control study 

by Couzi et al.154 reported the odds of post-transplant cancer was 5.28 times greater 

among CMV-negative recipients compared to recipients exposed to CMV before or after 

transplantation (p=0.006).  

 From this large cohort of solid organ transplant recipients, we demonstrated that 

CMV has no independent association with the risk of cancer post-transplant for the 

majority of the 26 types of solid tumors we assessed. In the univariate analysis, the 

incidence of cancer post-transplant was generally higher among those CMV seropositive 

or CMV seronegative with a seropositive donor compared to seronegative donor and 

recipient group, but this difference was not statistically significant in the multivariate 

analysis after adjusting for known confounders, particularly EBV recipient and donor 

status and SES.  

In our study, we observed a 24% greater risk of lung cancer among the R+ group 

that was not seen among the R-/D+ group. In the general population, CMV has not been 

studied in lung cancer before, however, correlation has been found between lung cancer 

relapse time and high CMV DNA concentration in lung cancer tissue.168 Interestingly, we 
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also observed a moderately elevated risk of bladder cancer among men in both moderate- 

and high-risk CMV groups that was not seen in the unstratified analysis. As smoking is 

the most important risk factor for both bladder and lung cancers169, the associations may 

be due to residual confounding since we did not have data on smoking status or tobacco 

use.  

The inverse association between CMV risk and small intestine cancer was 

unexpected. Meta-analysis of several smaller studies investigating the prevalence of 

CMV in tumor tissues of colorectal cancer samples have suggested a significantly higher 

prevalence of virus in these tissues than normal tissues (OR: 6.59, 95% CI: 4.48 -9.69).170 

Similarly, CMV infection has also shown to be significantly associated with increased 

risk of gastrointestinal cancer, which includes colorectal cancer.171,172 However, CMV 

has not been specifically associated with small intestine cancer. In the general population, 

small intestine cancer is rare; the annual incidence is only 2.4 cases per 100,000 men and 

women per year.173 Transplant recipients have an elevated risk of small intestine cancer 

(SIR: 2.43, 95% CI: 1.80 – 3.20)125 but has previously been attributed to long-term 

immunosuppression. However, our finding is most consistent with Couzi et al.154 who 

demonstrated that reduced incidence of cancer was associated with elevated blood  T 

cells following CMV infection. In vitro,  T cells are capable of killing myeloma and 

carcinoma cell lines.174 Thus, it is plausible that  T cells may play a role in conferring 

protection against small intestine cancer following CMV infection, although it is unclear 

why we did not see this effect for other cancers.  

 There were several strengths of our study compared to others on CMV infection 

and cancer risk post-transplantation. First, the large size of the Transplant Cancer Match 
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Study enabled us to examine CMV and cancer risk in nearly 250,000 solid organ 

transplant recipients, an order of magnitude larger than the largest similar study.  This 

also makes ours the largest study of CMV and cancer risk in any setting to our 

knowledge. Our study was nearly ten times larger than the U.K. study by Desai and 

colleagues, which allowed for more precise estimates of risk for less common cancers. 

Second, our study population is a representative sample of the US transplant population 

and thus, our results are generalizable. Another strength of our study is the use of the 

transplant registry data linked to the cancer registry provided a unique cohort to examine 

exposures and cancer outcomes that would be otherwise costly or difficult to obtain, such 

as CMV infection. Lastly, the addition of Yost index data to our models resulted in 

significant adjustment of confounding, by which we found SES was independently 

associated with both CMV status and cancer risk. Limitations of our study are primarily 

based on missing serology data for CMV post-transplantation. CMV IgG antibody data 

was available for less than 10% of recipients in the 24 months of follow-up and therefore 

not included in our analysis. Therefore, we had limited information on how CMV risk 

groups corresponded to seroconversion rates during follow-up. Another limitation of our 

study, as previously mentioned, was the lack of data on smoking and tobacco use or other 

major carcinogenic exposures. We did not have any surrogate variables in our dataset to 

be able to control for smoking (apart from SES), therefore it is possible there may be 

residual confounding.  

 Overall, while this large study of risk of cancer by CMV infection risk following 

solid organ transplantation did not yield significant findings for the majority of solid 

tumors, we did observe CMV was associated with an elevated risk of lung cancer and a 
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decreased risk of small intestine cancer. However, the mechanisms associated with these 

findings remain unclear. Further research is needed to understand the immunologic 

profile following CMV infection post-transplantation.  
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Table 4- 1. Characteristics of US solid organ transplant recipients, by pretransplant donor 

and recipient CMV serostatus. 

  
CMV status (recipient/donor) 

Recipient characteristic R-/D- R+ R-/D+ Total 

Total  41,518 
(16.8%) 

155,666 
(62.9%) 

50,134 
(20.3%) 

247,318 
(100%) 

Sex  
    

  Male 27,743 
(66.8%) 

89,912 
(57.8%) 

33,763 
(67.4%) 

151,418 
(61.2%) 

  Female 13,775 
(33.2%) 

65,754 
(42.2%) 

16,371 
(32.7%) 

95,900 
(38.8%) 

Age at transplant, years  
    

  0-17 4,937 
(11.9%) 

6,536 
(4.2%) 

5,458 
(10.9%) 

16,931 
(6.9%) 

  18-34 6,561 
(15.8%) 

17,237 
(11.1%) 

7,417 
(14.8%) 

31,215 
(12.6%) 

  35-49 11,503 
(27.7%) 

40,006 
(25.7%) 

13,694 
(27.3%) 

65,203 
(26.4%) 

  50-64 14,646 
(35.3%) 

67,639 
(43.4%) 

18,405 
(36.7%) 

100,690 
(40.7%) 

  65+ 3,871 
(9.3%) 

24,248 
(15.6%) 

5,160 
(10.3%) 

33,279 
(13.5%)      

Median age, years 47 53 48 51 
     

Race/Ethnicity 
    

  NH White 31,264 
(75.3%) 

73,556 
(47.3%) 

34,842 
(69.5%) 

139,662 
(56.5%) 

  NH Black 5,328 
(12.8%) 

35,704 
(22.9%) 

7,668 
(15.3%) 

48,700 
(19.7%) 

  Hispanic 3,870 
(9.3%) 

31,373 
(20.2%) 

6,032 
(12.0%) 

41,275 
(16.7%) 

  Asian/Pacific Islander 738 (1.8%) 13,104 
(8.4%) 

1,117 
(2.2%) 

14,959 
(6.0%) 

  Other or Unknown 318 (0.8%) 1,929 
(1.2%) 

475 (1.0%) 2,722 
(1.1%)      

Transplanted organ 
    

  Kidney 25,959 
(62.5%) 

97,980 
(62.9%) 

27,842 
(55.5%) 

151,781 
(61.4%) 

  Liver 5,948 
(14.3%) 

26,438 
(17.0%) 

8,641 
(17.2%) 

41,027 
(16.6%) 

  Other/multiple 9,611 
(23.2%) 

31,248 
(20.1%) 

13,651 
(27.2%) 

54,510 
(22.0%)  

    

Calendar year of transplant 
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  2000-2004 11,817 
(28.5%) 

43,301 
(27.8%) 

13,402 
(26.7%) 

68,520 
(27.1%) 

  2005-2009 12,239 
(29.5%) 

48,330 
(31.1%) 

15,748 
(31.4%) 

76,317 
(30.9%) 

  2010-2014 11,235 
(27.1%) 

42,053 
(27.0%) 

13,642 
(27.2%) 

66,930 
(27.1%) 

  2015-2017 6,227 
(15.0%) 

21,982 
(14.1%) 

7,342 
(14.6%) 

35,551 
(14.4%)      

EBV status pretransplant 
    

  Positive 25,814 
(62.2%) 

104,973 
(67.4%) 

30,928 
(61.7%) 

161,715 
(65.4%) 

  Negative 7,709 
(18.6%) 

14,013 
(9.0%) 

8,839 
(17.6%) 

30,561 
(12.4%) 

  Unknown 7,995 
(19.3%) 

36,680 
(23.6%) 

10,367 
(20.7%) 

55,042 
(22.3%)      

Education status (for recipients >21 
years old) 

    

  None 47 (0.1%) 864 (0.6%) 97 (0.2%) 1,008 
(0.4%) 

  Grade school 621 (1.7%) 10,141 
(6.9%) 

1,005 
(2.3%) 

11,767 
(5.2%) 

  High school/GED 12,235 
(34.2%) 

57,267 
(38.9%) 

15,523 
(35.5%) 

85,025 
(37.5%) 

  Attended college /  
  technical 

8,855 
(24.7%) 

31,869 
(21.6%) 

10,909 
(24.9%) 

51,633 
(22.8%) 

  Associate/Bachelors 7,211 
(20.1%) 

20,633 
(14.0%) 

8,060 
(18.4%) 

35,904 
(15.8%) 

  Post-graduate 3,181 
(8.9%) 

8,497 
(5.8%) 

3,410 
(7.8%) 

15,088 
(6.6%) 

  Unknown 3,644 
(10.2%) 

18,066 
(12.3%) 

4,730 
(10.8%) 

26,440 
(11.7%)      

Yost SES Quintile 
    

  1: Lowest 5,711 
(13.8%) 

32,573 
(20.9%) 

7,952 
(15.9%) 

46,236 
(18.7%) 

  2: Low 7,192 
(17.3%) 

30,145 
(19.4%) 

8,976 
(17.9%) 

46,313 
(18.7%) 

  3: Mid 7,819 
(18.3%) 

30,676 
(19.7%) 

9,652 
(19.3%) 

48,147 
(19.5%) 

  4: High 8,885 
(21.4%) 

29,127 
(18.7%) 

10,480 
(20.9%) 

48,492 
(19.6%) 

  5: Highest 9,361 
(22.6%) 

26,570 
(17.1%) 

10,527 
(21.0%) 

46,458 
(18.8%) 

  Unknown 2,550 
(6.1%) 

6,575 
(4.2%) 

2,547 
(5.1%) 

11,672 
(4.7%) 

     

Induction regiment     

  Any induction therapy 33,553 
(80.8%) 

127,342 
(81.8%) 

39,975 
(79.7%) 

200,870 
(81.2%) 
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  Polyclonal antibody 12,998 
(31.3%) 

51,057 
(32.8%) 

15,117 
(30.2%) 

79,172 
(32.1%) 

  Monoclonal antibody 223 (0.5%) 832 (0.5%) 274 (0.6%) 1,329 
(0.5%) 

  IL2 receptor antagonist 11,681 
(28.1%) 

43,297 
(27.8%) 

14,358 
(28.6%) 

69,336 
(28.0%) 

  Campath 3,034 
(7.3%) 

10,130 
(6.5%) 

3,156 
(6.3%) 

16,320 
(6.6%) 

  Rituximab 161 (0.4%) 817 (0.5%) 191 (0.4%) 1,169 
(0.5%) 

  Steroids 26,287 
(63.3%) 

101,768 
(65.4%) 

31,659 
(63.2%) 

159,714 
(64.6%) 

     

Maintenance immunosuppression     

  Tacrolimus or MMF 34,023 
(82.0%) 

129,657 
(83.3%) 

40,993 
(81.8%) 

204,673 
(82.8%) 

  Cyclosporine or  
  azathioprine 

1,645 
(4.0%) 

5,131 
(3.3%) 

2,064 
(4.1%) 

8,840 
(3.6%) 

  Other combination 5,850 
(14.1%) 

20,878 
(13.4%) 

7,077 
(14.1%) 

33,805 
(13.7%) 

  mTOR inhibitor 2,998 
(7.2%) 

9,190 
(5.9%) 

3,265 
(6.5%) 

15,453 
(6.3%) 

  Steroids 31,444 
(74.7%) 

122,479 
(78.7%) 

39,228 
(78.3%) 

193,151 
(78.1%) 

 

All entries are N (%) unless otherwise noted. All percentages are column percentages 

except for totals (row percentages). Abbreviations: SES – socioeconomic status; MMF - 

mycophenolate mofetil;  
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Table 4- 2. Risk of solid tumors by CMV recipient and donor serostatus pretransplant. 

 

   CMV status (recipient/donor) 

 Total R-/D- R+ R-/D+ 

Cancer group N IR N  IR N IR  Adj. IRR (95% CI) N IR  Adj. IRR (95% CI) 

Lip 104 8.35 25 11.57 45 5.75 0.66 (0.37 - 1.18) 34 13.75 1.03 (0.56 - 1.92) 

Tongue 140 11.24 27 12.5 77 9.85 1.03 (0.59 - 1.80) 36 14.56 0.90 (0.47 - 1.74) 

Salivary gland 60 4.82 12 5.56 39 4.99 0.87 (0.37 - 2.02) 9 3.64 0.74 (0.27 - 2.05) 
Other oral cavity and 
pharynx 205 16.46 33 15.28 124 15.85 1.11 (0.67 - 1.84) 48 19.41 1.17 (0.66 - 2.06) 

Esophagus 151 12.12 34 15.74 94 12.02 0.78 (0.45 - 1.34) 23 9.3 0.78 (0.41 - 1.50) 

Stomach 223 17.91 21 9.72 167 21.35 1.73 (0.96 - 3.12) 35 14.16 1.13 (0.56 - 2.30) 

Small intestine 103 8.27 19 8.8 72 9.21 0.65 (0.37 - 1.16) 12 4.85 0.23 (0.09 - 0.63) 

Colorectum 674 54.12 102 47.22 434 55.49 1.17 (0.88 - 1.56) 138 55.81 1.23 (0.89 - 1.70) 

Anus 119 9.56 12 5.56 86 11 1.24 (0.60 - 2.59) 21 8.49 1.05 (0.44 - 2.50) 

Liver 296 23.77 31 14.35 217 27.75 1.37 (0.86 - 2.17) 48 19.41 0.81 (0.46 - 1.45) 

Intrahepatic Bile Duct 75 6.02 9 4.17 43 5.5 1.38 (0.52 - 3.67) 23 9.3 2.13 (0.76 - 6.00) 

Pancreas 300 24.09 47 21.76 202 25.83 1.06 (0.70 - 1.62) 51 20.63 0.98 (0.59 - 1.61) 
Nose, middle ear, & 
larynx 164 13.17 19 8.8 110 14.06 1.62 (0.84 - 3.09) 35 14.16 1.22 (0.57 - 2.61) 

Lung 1932 155.13 274 126.84 1347 172.23 1.24 (1.05 - 1.46) 311 125.78 0.94 (0.77 - 1.14) 

Soft tissue and heart 109 8.75 13 6.02 68 8.69 1.24 (0.63 - 2.44) 28 11.32 1.50 (0.72 - 3.15) 

Melanoma 557 44.73 125 57.87 308 39.38 0.86 (0.67 - 1.11) 124 50.15 0.83 (0.61 - 1.12) 

Skin (non-melanoma, 
non-epithelial) 254 20.4 51 23.61 157 20.07 0.94 (0.61 - 1.43) 46 18.6 0.89 (0.54 - 1.47) 

Breast 663 53.24 103 47.68 464 59.33 0.86 (0.65 - 1.14) 96 38.83 0.75 (0.52 - 1.07) 

Genital 136 10.92 19 8.8 98 12.53 1.19 (0.64 - 2.19) 19 7.68 0.90 (0.42 - 1.92) 

Prostate 1578 126.71 262 121.29 1044 133.49 1.12 (0.93 - 1.34) 272 110.01 0.86 (0.69 - 1.08) 

Bladder 314 25.21 42 19.44 194 24.8 1.43 (0.92 - 2.22) 78 31.55 1.58 (0.97 - 2.57) 

Kidney 1316 105.67 196 90.73 895 114.44 1.01 (0.83 - 1.24) 225 91 0.89 (0.70 - 1.13) 
Brain and nervous 
system 89 7.15 17 7.87 58 7.42 0.89 (0.46 - 1.69) 14 5.66 0.60 (0.25 - 1.40) 
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Thyroid 387 31.08 69 31.94 248 31.71 0.95 (0.66 - 1.37) 70 28.31 1.07 (0.70 - 1.62) 

Kaposi sarcoma 93 7.47 5 2.31 80 10.23 2.13 (0.84 - 5.44) 8 3.24 0.80 (0.23 - 2.76) 

Miscellaneous  1789 143.65 295 136.56 1109 141.8 0.98 (0.83 - 1.15) 385 155.71 0.98 (0.81 - 1.18) 

 

 

IRs per 100,000 person-years. Total person-time at risk: 1,245,369. Adjusted IRR models include recipient sex, age (0-17, 18-34, 35-

49, 50-64, 65+), race/ethnicity, organ type (kidney, liver, other/multiple), EBV recipient/donor status, and SES quintile. Underlined 

results are considered statistically significant.  
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Table 4- 3. Risk of select cancer stratified by recipient age and sex within CMV risk group. 

  
Age at transplant Sex 

Cancer Site 18-34 35-49 50-64 65+ Male Female 

Small intestine 
   

  
  

R+ - 2.67 (0.33 - 21.97) 0.63 (0.31 - 1.28) 0.37 (0.07 - 2.11) 0.88 (0.43 - 1.78) 0.32 (0.11 - 0.87) 

R-/D+ - 1.60 (0.14 - 17.72) 0.14 (0.03 - 0.64) 0.39 (0.04 - 4.34) 0.22 (0.06 - 0.78) 0.25 (0.05 - 1.26) 

Lung 
   

  
  

R+ - 1.12 (0.72 - 1.73) 1.26 (1.03 - 1.55) 1.20 (0.86 - 1.65) 1.21 (1.01 - 1.47) 1.31 (0.96 - 1.79) 

R-/D+ - 1.05 (0.64 - 1.73) 0.96 (0.75 - 1.23) 0.77 (0.51 - 1.17) 0.92 (0.73 - 1.15) 1.00 (0.68 - 1.47) 

Brain 
   

  
  

R+ - 0.47 (0.13 - 1.64) 0.86 (0.38 - 1.97) - 0.79 (0.37 - 1.69) 1.20 (0.34 - 4.26) 

R-/D+ - - 0.45 (0.14 - 1.51) - 0.34 (0.11 - 1.10) 1.42 (0.34 - 5.99) 

Bladder 
   

  
  

R+ 1.10 (0.10 - 12.63) 1.22 (0.39 - 3.88) 1.33 (0.75 - 2.36) 1.88 (0.73 - 4.78) 1.81 (1.05 - 3.12) 0.78 (0.36 - 1.66) 

R-/D+ 3.55 (0.37 - 34.38) 1.46 (0.43 - 5.01) 1.60 (0.85 - 3.02) 1.44 (0.48 - 4.31) 2.05 (1.14 - 3.68) 0.74 (0.29 - 1.94) 

Breast 
   

  
  

R+ 2.43 (0.52 - 11.28) 0.65 (0.39 - 1.09) 0.88 (0.59 - 1.31) 0.94 (0.44 - 2.01) 
  

R-/D+ 0.92 (0.13 - 6.58) 0.79 (0.43 - 1.46) 0.73 (0.43 - 1.22) 0.74 (0.28 - 1.97) 
  

Prostate 
   

  
  

R+ - 1.27 (0.74 - 2.17) 1.20 (0.96 - 1.50) 0.89 (0.62 - 1.28) 
  

R-/D+ - 0.82 (0.43 - 1.58) 0.79 (0.60 - 1.05) 1.07 0.70 - 1.64) 
  

Adjusted IRRs and 95% confidence intervals calculated compared to reference R-/D-. Adjusted models include recipient sex or age 

(0-17, 18-34, 35-49, 50-64, 65+), race/ethnicity, organ type (kidney, liver, other/multiple), EBV recipient/donor status, and SES 

quintile. Underlined results are considered statistically significant
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Chapter 5: Summary 

Key findings 

 The primary research aims of this dissertation were as follows. First, we sought to 

describe the association between congenital CMV infection and acute lymphoblastic 

leukemia by estimating the prevalence of cCMV at birth in ALL cases and cancer-free 

controls. Second, we aimed to assess the role of CMV infection and hematologic 

malignancies in the setting of solid organ transplantation, as there is a high risk for CMV 

infection following transplantation. Finally, we sought to further elucidate the role of 

CMV in carcinogenesis by estimating the association between CMV risk and incidence of 

solid tumor cancers.  

In Manuscript 1, among the 1,189 ALL cases and 4,756 matched controls, we 

detected cCMV in 0.5% of ALL cases and 0.4% of controls. There was no difference in 

the odds of cCMV infection comparing ALL cases to controls in our primary analysis. 

We also did not detect any differences in our stratified analysis by demographic 

characteristics. However, among those with available cytogenetic data, hyperdiploid ALL 

was associated with six time greater odds of cCMV infection compared to unmatched 

controls, albeit on the basis of 2 exposed cases. These findings offer partial support for 

the association of cCMV with ALL, specifically hyperdiploid disease, and should 

encourage continued research into this possible association. 

 In Manuscript 2, we conducted the largest investigation of CMV infection status 

pre-transplant as it relates to the risk of incident Hodgkin lymphoma, NHL, leukemia, 
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and myeloma following solid organ transplantation in the US. We found no significant 

differences in the risk for leukemia across CMV risk groups. We identified that CMV 

sero-mismatch (R-/D+) was associated with significantly lower risks of DLBCL 

compared to CMV seronegative recipient/donor pairs. Our results suggest the risk of 

DLBCL differs according to recipient and donor EBV serostatus. Moreover, risk was 

modified by receipt of maintenance immunosuppression, in which cyclosporine or 

azathioprine were associated with significantly elevated risk among the R+ group. Given 

the findings of our study, it appears CMV may have both a pathogenic and protective role 

in DLBCL carcinogenesis, depending upon the context, specifically, the adjunctive use of 

immunomodulatory therapy. 

 Finally, in Manuscript 3, we found that the incidence of solid tumor cancers did 

not differ by CMV R+ or R-/D+ serostatus compared to CMV R-/D-. However, we 

identified R-/D+ CMV was inversely associated with small intestine cancer compared to 

the recipient/donor CMV seronegative group. Additionally, we found among the R+ 

group an elevated risk of lung cancer compared to the R-/D- group. For both cancers, 

these differences were most pronounced among males and recipients aged 50-64 years. 

We also identified an elevated risk of bladder cancer among males in both the R+ and R-

/D+ CMV groups compared to the R-/D- group. Based on the findings of our study, it 

appears likely that CMV plays little if any role in carcinogenesis after transplantation.   

Strengths and limitations 

 The key strength of Manuscript 1 that this was a very large, population-based 

case-control study with newborn dried blood spots available to us for biologic testing. 

Additionally, the data linkage through the Michigan BioTrust for Health enabled us to 
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examine potential associations with birth characteristics and parental demographics and 

leukemia. We also note that since all samples were collected immediately following birth, 

the temporality between measurement of cCMV and development of ALL was clear.   

Limitations of Manuscript 1 include the lack of immunophenotype and 

cytogenetic data for most cases which contributed to imprecision of our point estimates in 

our stratified analysis. Another limitation was that our study population was largely 

White which limited our ability to examine subgroup differences that have been 

identified in the previous studies. Lastly, we detected a lower prevalence of CMV DNA 

in our samples compared to Francis et al, which may have been due to either a higher 

limit of detection in our assay or degradation of starting material due to differences in 

storage conditions.  

 The primary strength of Manuscripts 2 and 3 was the large size of the Transplant 

Cancer Match Study enabled us to examine CMV and cancer risk in nearly 250,000 

recipients, which is the largest study of CMV and cancer to our knowledge. Further, the 

use of this data provided a unique cohort to examine cancer outcomes and exposures that 

would be otherwise difficult or costly to obtain data on, such as CMV infection. Another 

strength was that our study population was a representative sample of the US transplant 

population, so our results are generalizable to future investigation of cancer and solid 

organ transplantation. 

 Limitations of Manuscripts 2 and 3 are primarily based on missing serology data 

for CMV post-transplantation. CMV IgG antibody data was available for less than 10% 

of recipients in the 24 months of follow-up and therefore not included in our analysis. 

Therefore, we had limited information on how CMV risk groups corresponded to 
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seroconversion rates during follow-up. Additionally, we restricted our analysis to 

transplantations occurring in the year 2000 and beyond because CMV serostatus was not 

widely recorded in the years prior. Another limitation that was specific to Manuscript 3 

was the lack of data on smoking and tobacco use. We did not have any surrogate 

variables in our dataset to be able to control for smoking, apart from SES, and therefore it 

is possible the association of lung cancer and CMV we detected may be due to residual 

confounding.  

Future directions 

 Overall, our findings provide insight into the role of cytomegalovirus infection in 

the development of pediatric ALL and other cancers, with direction for future research 

opportunities. In Manuscript 1, we provide evidence that congenital CMV may play a 

role in the development of pediatric ALL, specifically in hyperdiploid subtype. Obtaining 

cytogenetic data for a greater proportion of cases would further expound this finding. 

Additionally, this potential association raises questions as to the underlying mechanism 

of how cCMV contributes to ALL. Future work could include epigenetic investigations 

that focus on establishing a biomarker of cCMV infection in ALL. This could be 

facilitated by universal screening for cCMV which has recently been adopted by 

Minnesota.  

Our findings from Manuscripts 2 and 3 indicate there is little evidence for an 

association between risk for CMV infection and incident cancer. Although there was 

evidence for a greater incidence of lung cancer among CMV seropositive recipients, this 

was likely due to confounding. The inverse association of CMV risk group with DLBCL 

may be explained by the effect of antiviral treatment and CMV prophylaxis on EBV 
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infection following transplantation. Future analyses should incorporate additional 

immunologic data following CMV infection and reactivation in transplant recipients to 

further characterize this association. 

Conclusions 

Overall, we provide partial evidence that the development of pediatric acute 

lymphoblastic leukemia is influenced by congenital cytomegalovirus infection, 

specifically hyperdiploid disease. However, as it relates to other cancers in the setting of 

solid organ transplantation, there is an inverse relationship between CMV risk and diffuse 

large B-cell lymphoma, but this may be mediated by other factors including antiviral 

therapies given prophylactically. Altogether, these findings encourage continued research 

into CMV to fully understand the relationship between this highly prevalent virus and 

pediatric leukemia, as well as its role in malignancy in general.  
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Appendix 1: Strain variability as a predictor of acute lymphoblastic 

leukemia  

1.1 Introduction 

 

Variation of viral genes has been studied to predict cCMV disease severity and may 

provide insight into the pathogenesis of cancer. Among the genes meriting investigation 

is UL144, a truncated tumor necrosis factor-∝-like receptor gene. UL144 polymorphisms 

have been studied among cCMV infected children and certain genotypes have been 

associated with symptomatic disease.58 Other genes of interest include UL146, UL55 

(gB), and UL9. Like UL144, these candidate genes have, to varying degrees, been 

associated with disease severity and have been studied in congenitally infected 

children.49,58 However, little is known how specific genotypes interact and nothing is 

known about whether one or a combination of these genes may be associated with ALL. 

As an addendum to “Chapter 2: Limited evidence for an association between 

congenital cytomegalovirus infection and pediatric acute lymphoblastic leukemia in a 

large, population-based study, here we attempted to evaluate whether specific genotypes 

of CMV genes UL144, UL146, UL55 (gB), and UL9 were associated with ALL.  

 

1.2 Methods 

1.2.1 Sample selection 

Dried blood spots (DBS) from cases and controls identified as cCMV-positive in 

the primary analysis were evaluated by qualitative PCR and subsequent nested PCR for 

amplification of UL144, UL146, UL55 (gB), and UL9 genes.  

 

1.2.2 DNA extraction 

DNA was extracted from one 6mm punch from the DBS cards using the 

GenTegra GenSolve DNA Complete Kit (GenTegra LLC, California, USA) following the 

manufacturer’s protocol. Briefly, 609 L lysis solution (GenTegra) and 11L of 

Proteinase K was added to each DBS sample tube and incubated at 56C for 1.5 hours 

with agitation at 1400 rpm. Samples were then transferred to a spin basket and 

centrifuged, with a Recovery Solution (GenTegra) added to the product. The product then 
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underwent simple DNA purification (GenTegra). Samples were eluted in 50 L of elution 

buffer, and stored as necessary at -20C. 

 

1.2.3 PCR and nested PCR assay 

Primers for PCR amplification were taken from Murthy et al. 2011 (Table A- 1). 

The sizes of the amplified loci were 400 base pair (bp) encompassing the proteolytic 

cleavage site of gB, and 531 bp, 480 bp, and 687 bp representing the full length UL144, 

UL146, and UL9 protein coding regions.  

Towne and Toldeo laboratory strains (1x10-4 copies/mL stock) were used as positive 

controls to assess the validity of the assay. The reaction mixture consisted of 1L 

template, 1L each primer (forward and reverse), 45 L Supermix (Invitrogen, Waltham, 

MA) for a total volume of 50 L per sample. A master mix solution was made for each 

gene. The conditions for amplification with all primer sets were 94°C for 5 min, followed 

by 34 cycles of 94°C for 1 min, 57°C for 1 min, and 72°C for 1 min. This was followed 

by a single extension cycle of 72°C for 7 min. PCR products (2uL dye and 10uL PCR 

template) with 100 bp ladder were separated on a 1.5% agarose gel with 5uL ethidium 

bromide for 75 minutes and imaged under UV light. A nested PCR reaction was also 

performed using the PCR product from the first reaction. The reaction mixture consisted 

of 1L PCR template, 1L each primer (forward and reverse), 45 L Supermix 

(Invitrogen, Waltham, MA) for a total volume of 50 L per sample. The conditions for 

amplification were the same as previously used and the PCR products were separated on 

a 1.5% agarose gel as described previously.  

When amplification failed, conditions were altered. The volume of template DNA of 

the study samples was increased to 2 L and the Supermix volume was reduced to 46 L 

to keep the reaction volume at 50 L. The conditions for amplification were the same as 

described above. We then proceeded directly to a nested PCR, using 2 L of PCR 

template and the same amplification conditions.  

When those conditions did not yield a product, a new reaction mixture was used. The 

new mixture consisted of SuperFi Taq Polymerase (2U/L) with 10mM dNTP mix, and 

5X SuperFi Buffer (Invitrogen). The template volume was increased to 5 L and the 
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supermix was reduced to 43 L. The conditions for amplification were adjusted based on 

the calculated Tm for the gB primers: 94°C for 5 min, followed by 35 cycles of 94°C for 1 

min, 60°C for 1 min, and 72°C for 1 min, followed by a single extension cycle of 72°C 

for 7 min. For the nested reaction, 10 L of PCR template was used and the same PCR 

amplification conditions were applied. 

  

1.2.4 Sequencing 

PCR products with visible bands were purified using the QiaQuick PCR purification 

kit (Qiagen, Carlsbad, CA) following the manufacturer’s instructions. The product was 

then sent to University of Minnesota Genomics Center (UMGC) for Sanger Sequencing, 

according to the guidelines of UMGC on an Applied Biosystems 3730xl DNA analyzer 

using ABI BigDye Terminator version 3.1 chemistry (Applied Biosystems, 

Massachusets, USA). 

 To assess genotype, sequences were aligned to reference files (UL55- GU365817-

GU365825, UL144- GU365826-GU365834, UL146- GU365835-GU365846, and 

UL09- HM542481) using CodonCode Aligner Software (Version 10.0.1).  

 

1.2.4 gB genotyping 

Genotyping of gB using multiplex real-time PCR, previously described by de Vries et 

al., was conducted on all samples to confirm gB genotype or when nested PCR failed. 

Briefly, amplification of CMV gB genotypes 1, 2, 3, and 4 was performed in a reaction 

containing 10 L of DNA template, 12.5 L Roche 480 Taqman Probe Master (Roche 

Diagnostics, Rotkreuz, Switzerland), 0.4 L uracil-DNA glycosylase (UNG) (Thermo 

Scientific, Waltham, Massachusetts, USA), 0.5 L of each gB probe set (gB 1 and 3, gB 

2 and 4), and 0.35 L of water.  

 

1.3 Results and Discussion 

Both the Toledo and Towne positive controls showed visible bands and were purified 

and sent to UMGC. Sequences were a perfect match with the reference strains, indicating 

PCR amplification was successful.  

https://www.ncbi.nlm.nih.gov/nuccore/?term=GU365817:GU365825%5bpacc%5d
https://www.ncbi.nlm.nih.gov/nuccore/?term=GU365817:GU365825%5bpacc%5d
https://www.ncbi.nlm.nih.gov/nuccore/?term=GU365826:GU365834%5bpacc%5d
https://www.ncbi.nlm.nih.gov/nuccore/?term=GU365835:GU365846%5bpacc%5d
https://www.ncbi.nlm.nih.gov/nuccore/HM542481


 

 

117 

Table A- 2 shows the results of amplification and genotyping. Among the study 

samples, no product was amplified for UL146. For UL9, only one sample had amplification 

and the remaining samples couldn’t amplify after multiple attempts. For UL144 and gB,  

4/27 and 9/27 samples successfully amplified for UL144 and gB, respectively. However, 2 

of the 4 UL144 samples failed Sanger sequencing and the other 2 could not align to the 

reference.   

Using data from both the Sanger sequencing and multiplex PCR, we compared the 

distribution of gB genotypes among ALL cases and controls (Figure A- 1).  For both cases 

and controls, the most prevalent genotype was gB1 (2/3 cases; 5/10 controls).  When 

comparing the odds of being gB1 compared to gB 3 (since data was unavailable for other 

comparisons), Compared to controls, ALL cases had 0.40 times odds of being gB1 than 

gB3 but this difference was not statistically significant (95% CI: 0.02 – 10.02).   

Overall, there was not sufficient data to be able to make comparisons between CMV 

genotype and case or control status. There are several potential explanations for why this 

assay failed to produce results. First, the PCR conditions were not ideal for amplification. 

The reaction volumes and PCR method were taken from the protocol used by Murthy et 

al., however, differences in the type of starting material used and viral load may not have 

been satisfactory. Murthy et al. utilized tissue culture isolates of CMV from urine, saliva, 

and vaginal fluid which typically have a higher viral load compared to blood.  Second, the 

quality of the starting material may have been degraded. The samples were DBS that were 

stored at ambient temperature for anywhere between 10-33 years. However, DBS stored at 

room temperature in other studies has not been associated with diminished quality, and 

may only be due to the age of the specimen.  Lastly, the size of the target amplicon may 

have been too large to successfully amplify, particularly for UL144, UL146, and UL9. 

While the sizes, 531 bp, 480 bp, and 687 bp, respectively, may not be considered large by 

other applications, it is possible in combination with the other potential limitations is what 

hindered its success.  

Future directions could include the use of TOPO cloning for a more precise isolation 

of amplified gene products. The advantage to this technique is the reduction of potential 

sequence errors that may be introduced by repeated PCR amplification. 
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Table A- 1. PCR primers used for CMV genotyping 

Primer Sequence 

UL144 forward 5′-CGTATTACAAACCGCGGAGAGGAT-3′ 

UL144 reverse 5′-CTCAGACACGGTTCCGTAAAGTC-3′ 

UL144 nested forward 5′-CTTCCGGTAGGAGGCATGAAG-3′ 

UL144 nested reverse 5′-GACTTCATCGTACCGTGATC-3′ 

UL146-147 forward 5′- GTCATGGACGCAGTTTTG-3′ 

UL146-147 reverse 5′- GAACGATCTCGTCCGGTTC-3′ 

UL146 hemi-nested reverse 1 5′- CTAAAASATGGACGGCTAGG-3′ 

UL146 hemi-nested reverse 2 5′- GTCGTAATCTTCCARTTC-3′ 

UL55 forward 5′-TCCGAAGCCGAAGACTCGTA-3′ 

UL55 reverse 5′-GATGTAACCGCGCAACGTGT-3′ 

UL55 nested forward 5′-CATAGGTGAACTGCAGCTG-3′ 

UL55 nested reverse 5′-AGCATGGTGAAAAGAAGACG-3′ 

UL09 forward 5′-CATCTGTCTRCGAGCACCTC -3′ 

UL09 reverse 5′-GACCATCGGAAAAGATCATGG -3′ 

UL09 nested forward 5′-CAGTACGGACAAGTGTTYATG -3′ 

UL09 nested reverse 5′-GGTTCACGATATGGTTAATCAG -3′ 

Source: Murthy et al, 2011. doi: 10.1371/journal.pone.0015949 

https://dx.doi.org/10.1371%2Fjournal.pone.0015949
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Table A- 2. Genotyping results of ALL cases and controls  

 
Sample Viral load 

(copies/mL) 

gB 

amplification 

PCR yes/no 

gB 

genotype 

gB real-

time 

Multiplex 

Typing 

Yes/No 

gB 

Multiplex 

genotype 

UL144 

amplification 

Yes/No 

UL144 

genotype 

UL9 

amplification 

Yes/No 

UL9 genotype UL146 

amplification 

Yes/No 

UL146 

genotype 

0079 7380 N 
 

Y No signal N 
 

N 
 

N 
 

0836 2610 N 
 

N 
 

N 
 

N 
 

N 
 

0985 3800 N 
 

N 
 

N 
 

N 
 

N 
 

1863 45100 N 
 

N 
 

N 
 

N 
 

N 
 

2010 414000 Y 5 Y No signal Y Could not 

be 

sequenced 

Y Could not align 

to ref 

N 
 

2886 1440 Y 1 Y No signal N 
 

N 
 

N 
 

2951 29500 N 
 

Y 1 N 
 

N 
 

N 
 

3018 14700 N 
 

N 
 

N 
 

N 
 

N 
 

3213 6360 Y 1 Y 3 Y Could not 

be 

sequenced 

N 
 

N 
 

3774 13800 Y 1 Y No signal N 
 

N 
 

N 
 

3800 58800 Y 1 Y No signal N 
 

N 
 

N 
 

3904 24400 N 
 

N 
 

N 
 

N 
 

N 
 

3921 16000 Y 1A Y No signal N 
 

N 
 

N 
 

3936 45600 N 
 

N 
 

N 
 

N 
 

N 
 

4002 2800 Y 4 Y 4 N 
 

N 
 

N 
 

4106 6100 N 
 

N 
 

N 
 

N 
 

N 
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4586 4820 Y 2 Y No signal Y Could not 

be 

sequenced 

N 
 

N 
 

4686 12200 Y 1 Y No signal N 
 

N 
 

N 
 

4702 1030 N 
 

Y No signal N 
 

N 
 

N 
 

4828 121000 N 
 

Y 1 N 
 

N 
 

N 
 

4895 29700 N 
 

Y 3 N 
 

N 
 

N 
 

4933 9790 N 
 

Y No signal N 
 

N 
 

N 
 

4962 1500 N 
 

Y No signal N 
 

N 
 

N 
 

4973 10300 N 
 

Y No signal Y Could not 

be 

sequenced 

N 
 

N 
 

4995 2400 N 
 

Y No signal N 
 

N 
 

N 
 

5028 18700 N 
 

N 
 

N 
 

N 
 

N 
 

5803 33700 N 
 

Y 3 N 
 

N 
 

N 
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Figure A- 1. Distribution of gB genotypes among ALL cases and controls.  
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