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Background

Despite advances in clinical management, cytomegalovirus (CMV) infection remains a serious complication and an important cause of morbidity and mortality following kidney transplantation. Here, we explore the importance of viral load kinetics as predictors of risk and potential guides to therapy to reduce transplant failure in a large longitudinal Genome Canada Transplant Consortium (GCTC) kidney transplant cohort.





Methods

We examined the relationship between CMV infection rates and clinical characteristics, CMV viral load kinetics, and graft and patient outcomes in 2510 sequential kidney transplant recipients in the British Columbia Transplant Program. Transplants were performed between January 1, 2008, and December 31, 2018, were managed according to a standard protocol, and were followed until December 31, 2019, representing over 3.4 million days of care.





Results

Longitudinal CMV testing was performed in 2464 patients, of whom 434 (17.6%) developed a first episode of CMV viremia at a median of 120 (range: 9–3906) days post-transplant. Of these patients, 93 (21.4%) had CMV viremia only and 341 (78.6%) had CMV viremia with clinical complications, of whom 21 (4.8%) had resulting hospitalization. A total of 279 (11.3%) patients died and 177 (7.2%) patients lost their graft during the 12 years of follow-up. Patients with CMV infection were at significantly greater risk of graft loss (p=0.0041) and death (p=0.0056) than those without. Peak viral load ranged from 2.9 to 7.0 (median: 3.5) log10 IU/mL, the duration of viremia from 2 to 100 (15) days, and the viral load area under the curve from 9.4 to 579.8 (59.7) log10 IU/mL × days. All three parameters were closely inter-related and were significantly increased in patients with more severe clinical disease or with graft loss (p=0.001). Duration of the first CMV viremic episode greater than 15 days or a peak viral load ≥4.0 log10 IU/mL offered simple predictors of clinical risk with a 3-fold risk of transplant failure.





Conclusion

Viral load kinetics are closely related to CMV severity and to graft loss following kidney transplantation and provide a simple index of risk which may be valuable in guiding trials and treatment to prevent transplant failure.
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Introduction

Cytomegalovirus (CMV) remains one of the most common and serious viral infections following kidney transplantation and is a major therapeutic challenge with profound clinical and economic implications (1–5). Clinical risk varies according to the prior serological status of the donor and recipient, the immunosuppressive therapy employed, the use of viral prophylaxis, and other factors (3, 6, 7). Specific recommendations for both prevention and treatment of CMV infection have been established (1, 2). Recipients at the highest risk for post-transplant infection generally receive continuous antiviral prophylaxis for 3 to 12 months, and pre-emptive therapy is commenced in other settings on detection of systemic viremia by routine long-term monitoring of viral load (3, 6).

However, these treatment strategies are neither benign nor universally effective. Current antivirals have serious toxicities including myelosuppression, which often requires reduction of immune suppression therapy (8), increasing the risk of hospitalization, breakthrough rejection, and graft loss. Additionally, the infection may become refractory or resistant to therapy, the former often associated with impaired immune competence and the latter with viral mutations reducing sensitivity to treatment. As a consequence of these effects, CMV infection increases the risk of premature failure and death, altering the economic costs and benefit of transplantation.

Despite widespread use of viral load monitoring in the management of CMV, we lack precise data to predict outcomes and to guide the use or modification of personalized therapy in kidney transplantation (6). Early evidence from hematopoietic stem cell transplantation indicates that measurement of viral load kinetics may fulfill this need by predicting the risk of death during the first year (9–12). Similar data from the COVID-19 epidemic support the relationship between viral load kinetics and disease outcomes. While preliminary reports propose that this may also pertain to solid organ transplant (13–15), we currently lack formal proof or diagnostic thresholds.

We here confirm the importance of CMV viral load kinetics in kidney transplantation using a large real-world cohort within the Genome Canada Transplant Consortium (GCTC) that is managed according to uniform diagnostic and treatment guidelines. We show that CMV infection increases the risk of both premature graft loss and patient death, while viral load kinetics provide a simple and practical potential marker to highlight risk and to guide therapy. Our goal is now to test these predictions in a structured validation cohort to generate evidence for physicians, payers, and healthcare decision makers that will support the use of CMV viral load kinetics in the clinical transplantation of kidneys, and potentially of other organs.





Methods




Study design and study period

This retrospective, longitudinal cohort study was designed to examine the probabilities, risk factors, treatments, and outcomes of CMV infection following kidney transplantation. Current diagnostic procedures for molecular human leukocyte antigen testing, recipient solid phase antibody screening, and viral monitoring were introduced by the British Columbia (BC) Transplant Program in 2008, and standardized therapeutic strategies have been employed since this time. The period from January 1, 2008 to December 31, 2018 was therefore selected as the enrollment period to ensure standardized use of modern diagnostic and therapeutic practices. Patients were followed until December 31, 2019, to ensure a minimum of 1 year follow-up. The study was reviewed and approved by the Institutional Clinical Research Ethics Boards of the University of British Columbia and Vancouver Coastal Health who waived requirement for individual patient consent.





Data sources

Clinical, laboratory, therapeutic, and outcomes data are maintained in the BC Provincial Kidney Transplant Registry, a single provincial electronic medical record (EMR) system that serves as the basis for patient review and clinical management decisions. Supplementary information was obtained, as required, from additional data systems including the BC Immunology Laboratory, the Renal Transplant Pathology Program, and other sources.





Patients and follow-up

All patients included in this study underwent kidney transplantation as part of a single integrated provincial program in Vancouver, BC, and were followed medically for the remainder of their transplant course by the BC Transplant Program clinical network. The study included all patients who received a kidney transplant from a living donor (LD) or deceased donor (DD) during the period of observation. Patients were followed up to December 31, 2019, providing a minimum observation of 1 year and a maximum of 12 years, with a total of over 3.4 million days of continuous medical supervision after kidney transplant. Unless otherwise specified, the index date was the date of kidney transplant. Ambulatory clinic follow-up, hospitalizations, episodes of CMV infection, and adverse events including death or graft loss (defined as requirement for dialysis or re-transplantation) were recorded in the EMR.





Clinical management

Patient evaluation and selection for LD or DD transplantation, donor organ allocation, and all diagnostic, procedural, and therapeutic initiatives were performed according to provincial treatment guidelines, reviewed annually by the BC Transplant Management Committee. Patients considered at low immunological risk (patients who were receiving a first graft from a normal criteria donor, with a calculated panel reactive antibody [cPRA] <80%, who did not have donor-specific antibodies on solid-phase assay) received basiliximab, tacrolimus, mycophenolate mofetil, and rapid prednisone elimination. Those at higher risk normally received antithymocyte globulin (ATG) for induction therapy, tacrolimus, mycophenolate mofetil, and long-term prednisone treatment. Immune suppression was adjusted uniquely by the transplant team according to the time post-transplant, the clinical status, and therapeutic concentrations of individual drugs according to a standard provincial management protocol. Graft biopsy was performed for cause and reviewed by a central team of kidney transplant pathologists.





CMV testing

CMV serological status at the time of transplantation was determined for both the donor (D) and recipient (R) according to the presence or absence of CMV IgG antibodies reported on pre-transplant testing. Four CMV risk groups were defined, categorized as D−/R−, D−/R+, D+/R−, and D+/R+.

Measurement of CMV viral load was performed by St. Paul’s Hospital Virology Laboratory using quantitative PCR methodology. CMV viral load testing was performed using the cobas® CMV quantitative nucleic acid test on the cobas® 6800 (Roche Diagnostics) calibrated to the World Health Organization (WHO) CMV standard in IU/mL. Prior to June 2017, CMV viral load testing had been performed using a laboratory-developed test targeting the CMV glycoprotein B (UL55) gene in IU/mL; prior to October 2014, this assay had been reported in copies/mL (16). Recipient testing was performed pre- and post-transplant as part of routine bloodwork taken approximately weekly for the first 4 weeks, then every 2 weeks to Month 3, every 1 to 2 months to Month 12, and as required after the first post-transplant year. CMV testing was intensified for 6 months following prophylaxis or treatment of infection independent of the time in the transplant course. A CMV DNA viral load of ≥1000 copies/mL or ≥830 IU/mL was the threshold for commencement of treatment (17–19). The duration of CMV viremia was defined as the time in days from the first to the last positive CMV test for the episode. To ensure uniform interpretation, the commencement and completion of viremic episodes were confirmed by 2 consecutive tests performed within 30 days. Response was defined as decline in viral titers below the threshold of treatment (≥1000 copies/mL or ≥830 IU/mL).





CMV prophylaxis and treatment

Based on BC Transplant Program clinical guidelines for kidney transplantation, adult and pediatric patients who were CMV seronegative and who received a graft from a seropositive donor (D+/R−), CMV positive pediatric patients, and patients who received ATG induction therapy were treated with valganciclovir prophylaxis for 3 to 6 months, which normally commenced on the day of, or immediately following, transplant. Patients who developed CMV viremia above the treatment threshold but were not on prophylaxis received pre-emptive valganciclovir treatment for at least 3 weeks until the viremia resolved. Treatment was administered at a dose of 900 mg orally twice daily, or 5 mg/kg intravenously twice daily, adjusted for kidney function and leukopenia. CMV monitoring was performed weekly during the episode of viremia and repeated monthly for at least 2 months after an episode of infection or termination of prophylaxis. Specific medications, doses, and duration of each therapy were obtained from the BC Provincial Transplant database based on pharmacy dispensing data. Treatment episodes were considered separate when the time between courses of therapy was >7 days. Different agents and dosages could be administered within 1 continuous treatment episode.





CMV related outcomes

CMV-related outcomes were defined based on the guidelines of the American Society of Transplantation Infectious Disease Community of Practice 2019 (1) adjusted to reflect the longitudinal data available in the EMR. Since CMV end-organ disease was difficult to classify in an observational retrospective study given the many potential and concomitant causes for gastrointestinal, hepatic, pulmonary, and other dysfunction, this was included in the CMV clinical syndrome.

CMV infection was considered as an episode of CMV viremia, determined by the presence of a viral titre exceeding the laboratory threshold, with or without other manifestations. The duration of a CMV viremic episode was defined as the time in days from the first to the last positive CMV test. Recurrence of viremia following resolution of a first infection was designated as a second or subsequent infection and was not considered in this study.

CMV viremia alone was considered as the presence of CMV replication with a viral load of ≥1000 copies/mL, based on prior literature (20–22), or ≥830 IU/mL without corresponding laboratory abnormalities or clinical signs and symptoms of disease.

CMV disease was defined as CMV viremia with classical clinical features of CMV infection including at least one of the following laboratory abnormalities: leukopenia or neutropenia, thrombocytopenia or elevated hepatic transaminases (conventionally described as CMV syndrome), and/or organ injury, defined as presence of gastrointestinal disease, pneumonitis, hepatitis, nephritis, myocarditis, pancreatitis, encephalitis, retinitis, or pulmonary or other classical features (described as CMV end-organ disease). CMV syndrome and end-organ disease were combined in this analysis because of the heterogeneity of presentation and difficulty in determining causality of organ involvement, which may be due to other infections, drug toxicity, or other causes not clearly distinguishable in a retrospective observational study. Management was classified as ambulatory or hospitalized depending on whether the patient was managed as an outpatient or an in-patient.





Statistical methods




Data review

Data review was performed using visualization, tabulation, and other requisite computational processes; missing data were noted but were not imputed for this analysis, and all data discrepancies were reviewed and approved by the research team. Patients were included from the day of transplant surgery (Day 0) and censored at death or end of the study period. Patients were stratified according to donor source (DD or LD), the number of previous transplants (0 or 1+), and donor/recipient CMV serological status as required.





Descriptive statistics

Continuous variables were summarized using the number of non-missing observations, mean, standard deviation (SD), median, minimum, and maximum values. Categorical variables were summarized using the number and percentage of subjects belonging to each category. The relationships between CMV infection and patient and graft outcomes were determined independently. Pearson’s Chi-squared test (χ²) was used for comparison of categorical variables by different stratifications. For continuous variables, a non-parametric, two-sided Mann–Whitney U test was used for 2 strata (e.g., living/diseased donor, number of previous transplants) and a non-parametric Kruskal–Wallis H test for 3 or more strata categories (e.g., serological donor/patient status). The time of onset of CMV viremia was calculated using conventional descriptive measures for the mean and distribution, and depicted graphically by baseline donor and recipient CMV serological status, by number of CMV viremia episodes, and by clinical presentation using kernel density estimation.





Regression modeling

Multivariable statistical models were developed to adjust for the influence of various covariates on principal independent outcomes of CMV disease, and graft and patient survival. These included: baseline recipient variables (primary disease diagnosis, age at transplant, sex, race, number of prior transplants); donor/recipient CMV variables (donor and recipient CMV serological mismatch); donor/transplant variables (type of donor, donor age, sex, race); induction immunosuppression (use of ATG or other biologics); and delayed graft function.





Survival analysis

To assess the relationship between long-term consequences of CMV infection including the impact on graft and overall survival, Kaplan–Meier plots with survival probability compared using the logrank test, and cumulative incidence estimates using Gray’s test were used. Unadjusted and adjusted hazard ratios (HR) were calculated with a Cox proportional hazard model. The log(−log[survival]) versus log of survival time and interaction with times for categorical variables and Schoenfeld Residuals for continuous variables were used to check Cox proportionality assumptions.





Viral load kinetics

Viral load kinetics were calculated using maximum viral load, duration of viremia in days, and the integral of viral load over time. The integral viral load was calculated for each patient episode using the trapezoidal method to produce an area under the curve (AUC). An adjusted receiver operator characteristic (ROC) curve was used to show the diagnostic probability of CMV viral load kinetics in predicting patient death or graft failure. The maximum Youden statistic was used to evaluate sensitivity and specificity estimates.







Results




Patient cohort

A total of 2510 patients received a kidney transplant during the period of observation; 1441 received a DD graft and 1069 an LD graft; 2324 patients had no prior transplants while 186 (7.4%) had 1 or more prior transplants. Donor and recipient CMV serostatus were available in 2507 (99.9%) patients and post-transplant CMV viral load measurement was recorded in 2464 (98.2%) patients, who form the basis of this analysis (Figure 1). As shown in Table 1, 62.7% of these recipients were male, the median age was 54.1 (range: 2–82 years) years, and 3.0% were pediatric patients (<19 years). In all, 1568 recipients and 1337 donors were CMV seropositive, and 35.8% of donor/recipient pairs were D+/R+, 18.4% were D+/R−, 27.8% were D−/R+, and 17.9% were D−/R−.




Figure 1 | Patient Disposition. Disposition of patients in the study cohort who received a kidney transplant within the observation period of 2008–2018.




Table 1 | Patient demographics, primary diagnosis, antiviral prophylaxis, death rate, and graft failure rate by CMV risk group.







CMV prophylaxis and therapy

Of the 2464 recipients with CMV virological data, 1123 (45.6%) received antiviral prophylaxis, principally with valganciclovir or ganciclovir sodium. Of these, 38.7% were D+/R−, 29.3% were D+/R+, 25.7% were D−/R+, and 6.2% were D−/R−. Prophylaxis continued for a median of 82 (range: 2–1683) days and was longest in D+/R− recipients (180 days) and shortest (32.5 days) in D−/R− recipients. A total of 294 CMV infections occurred in the 1123 patients receiving prophylaxis (26.2%) compared with 223 infections in 1341 patients (16.6%) not receiving prophylaxis.





CMV viremia

A total of 434 patients (17.6%) developed CMV infection, of whom 345 patients (79.5%) received a kidney from a CMV seropositive and 89 (20.5%) from a CMV seronegative donor. The CMV infection rate was highest in D+/R− graft recipients (155/454, 34%), followed by D+/R+ (190/883, 22%), D−/R+ (85/685, 12%), and D−/R− groups (4/442, 1%). Less than 0.5% of viremia episodes occurred during active antiviral prophylaxis.

The first episode of infection commenced a median of 120 (range: 9–3906) days post-transplant (Figure 2). Time to onset was shortest in D+/R+ recipients (median: 81 days, range: 9–3906 days), and longest in D−/R− recipients (median: 1794 days, range: 365–2328 days; p<0.001).




Figure 2 | CMV viremia onset. Time to onset of CMV viremia (A) by baseline CMV donor and recipient serological status, (B) by clinical presentation. CMV, cytomegalovirus; D, donor; R, recipient.



Of the 434 first episodes of CMV viremia, CMV viremia alone, without laboratory abnormalities or classical clinical features, accounted for 93 (21.4%). CMV disease (combining clinical syndrome and end-organ disease) with clinical or laboratory evidence of systemic disease or target organ injury occurred in 320 (73.7%) of first CMV episodes, and 21 patients (4.8%) were hospitalized for care during a first episode of CMV infection (Figure 1).





Patient and graft outcomes

A total of 279 patients (11.3%) died and a further 177 patients (7.2%) lost their graft during the period of follow-up. CMV serological status at baseline was not associated with either mortality or graft loss. However, patient and graft survival were significantly related to the occurrence of CMV infection. Both survival measures were significantly reduced in patients who developed CMV infection (p=0.0041 and p=0.0056, respectively; Figures 3A, B).




Figure 3 | Patient and graft outcomes. Kaplan-Meier analyses show (A) patient survival and (B) death-censored graft survival in patients with or without CMV infection post-transplant.







CMV viral load kinetics

Duration of CMV viremia ranged from 2 to 100 days with a median of 15 days. The heterogeneity of viremia is shown in Figure 4. Duration was independent of the donor source (LD vs DD) or the number of prior transplants, although 10 of the 11 subjects with duration >40 days were D+/R−. Median duration increased slightly according to clinical presentation, from 15 (range: 5–36) days in patients with viremia only to 16 (range: 2–114) days in those with clinical syndrome and 17 (range: 3–84) days in those admitted to hospital during the episode.




Figure 4 | Viral load and duration of viremia. Patient-level depiction of the heterogeneity of both magnitude of viral load and duration of viremia among patients with documented CMV infection post-transplant (n = 434). Figure shows patients with Donor/Recipient status of (A) D−/R−, (B) D−/R+, (C) D+/R−, and (D) D+/R+. D, donor; CMV, cytomegalovirus; R, recipient.



The maximum viral load measured during the first episode of viremia ranged from 2.9 to 7.0 log10 IU/mL with a median of 3.5 log10 IU/mL. All 5 patients with a maximum viral load >6 log10 IU/mL were D+/R−. Median values increased from 3.6 (range: 3.0–5.9) log10 IU/mL in patients with CMV viremia alone to 3.9 (range: 2.9–7.0) log10 IU/mL in patients with CMV disease and to 4.6 (range: 3.2–6.4) log10 IU/mL in those with CMV disease who were admitted to hospital (p<0.0001).The integral (AUC) of viral load over time ranged from 9.4 to 579.8 log10 IU/mL × days with a median of 59.7 log10 IU/mL × days. Median values increased from 55.6 (range: 16.1–223.7) log10IU/mL × days in patients with viremia only to 68.3 (range: 9.5–579.8) log10 IU/mL × days in those with clinical syndrome, and 91.3 (range: 9.7–347.8) log10 IU/mL × days in those admitted to hospital during the episode.

The three indices of viral load kinetic measures during the first viremic episode were tightly correlated. Figure 5 shows the significant relationship between maximum viral load and duration of CMV viremia (p=0.001), between CMV AUC and duration of CMV viremia (p<0.0001), and between peak viral load and the AUC of viremia (p<0.0001).




Figure 5 | Viral load kinetics over time for first CMV viremia episode. Relationship between maximum CMV viral load, duration of viremia, and integral of the CMV viral load as a function of time (AUC) for the first episode of CMV viremia. Figure (A) shows maximum viral load and duration of viremia, (B) shows viral load AUC and duration of viremia, (C) shows viral load AUC and maximum viral load. AUC, area under the curve; CMV, cytomegalovirus.







Developing robust and pragmatic predictors

ROC curves were constructed to examine the diagnostic probabilities of transplant failure. Adjusted ROC analysis of CMV peak viral load provided an AUC of 0.72 (Figure 6A; 95% confidence interval [CI]: 0.65, 0.80); for duration of viremia, the AUC was 0.72 (Figure 6B; 95% CI: 0.64, 0.80); and for viral load over time, the AUC was 0.72 (Figure 6C; 95% CI: 0.40, 0.80).




Figure 6 | Receiver operator characteristic analysis for CMV viral load kinetics. Figures show ROC analysis of: (A) peak viral load, (B) duration of viremia in weeks, and (C) viral load over time (AUC). Numbers given in parentheses are area under the unadjusted or adjusted ROC curve. Covariates for each adjusted model were delayed graft function, Induction ATG, and CMV D/R status at transplant. Adj, adjusted; ATG, antithymocyte globulin; AUC, area under the curve; CMV, cytomegalovirus; D/R, donor/recipient; ROC, receiver operator characteristic; unadj, unadjusted.



To create a pragmatic set of clinical predictors, we selected 15 days (the median duration of the first episode of CMV viremia) along with the closely corresponding values of peak viral load of 4.0 log10 IU/mL and an AUC of 60 log10 IU/mL × days (Figure 7).




Figure 7 | Relationship between death-censored graft survival and CMV viral load kinetics. Figures show graft survival according to first CMV infection in patients with (A) maximum CMV viral load of greater or less than 4.0 log10 IU/mL and (B) duration of viremia of greater or less than 15 days and (C) an individual AUC of greater or less than 60. AUC, area under the curve; CMV, cytomegalovirus.



Unadjusted Cox proportional hazard modeling showed that all 3 viral load kinetic parameters were significantly and directly related to the probability of graft failure with HRs above 1 and narrow 95% CIs (Table 2). For CMV duration (in weeks), the HR was 1.164 (95% CI: 1.039, 1.304; p=0.0088); for CMV viral load (log10 IU/mL), the HR was 1.505 (95% CI: 1.069, 2.117; p=0.0190); and for individual AUC 100 (log10 IU/mL) × days), the HR was 1.475 (95% CI: 1.096, 1.987; p=0.0104).


Table 2 | Cox proportional hazard modeling of the effect of viral load kinetics on graft survival adjusted for other risk factors.



Unadjusted models explored a range of covariates, identifying the three most important in contributing to CMV infection to be the use of ATG induction immunosuppression (unadjusted HR: 2.299 [95% CI: 1.253, 4.218], p=0.0072), delayed graft function (unadjusted HR: 2.513 [95% CI: 1.366, 4.624], p=0.0031), and CMV status at baseline with D+/R− as the reference group (D+/R− unadjusted HR: 0.970 [95% CI: 0.523, 1.798], p=0.9233; D−/R+ unadjusted HR: 0.203 [95% CI: 0.048, 0.862], p=0.0307).

Adjusted multivariable Cox models incorporating these covariates then provided an adjusted hazard ratio for CMV duration of 1.170 (95% CI: 1.022, 1.339; p=0.0225), indicating a 17% increase in risk of graft failure for every additional week of CMV duration. The hazard ratio for viral load of 1.557 (95% CI: 1.049, 2.311; p=0.0281) indicated a 56% increase in risk of graft failure for each log10 increase in viral titer, and the hazard ratio for AUC of 1.503 (95% CI: 1.052, 2.147; p=0.0236) indicated a 50% increase in risk of graft failure for each increase of 100 AUC units (log10 IU/mL × days) across the observed range of 9 to 580 units.






Discussion

Accurate monitoring of viral load and rigorous use of antiviral therapy have mitigated the devastating consequences of CMV infection and modulated the important early indirect consequences and costs of care. Introduction of a common reference material, the first WHO International Standard for Human Cytomegalovirus for Nucleic Acid Amplification Techniques (CMV WHO IS; NIBSC code 09/162) and Standard Reference Material (SRM) 2366 Cytomegalovirus for DNA Measurements from the National Institute of Standards and Technology, has enabled laboratories to unify the reporting of CMV viral loads (19).

This study, one of the largest longitudinal studies of “real-world evidence” in current practice to examine the incidence, expression, and consequences of CMV infection post-transplant, confirms that CMV remains a common and serious complication of kidney transplantation despite rigorous application of treatment guidelines with standardized use of antiviral prophylaxis, viral monitoring, and pre-emptive therapy. Overall, 18% of patients transplanted developed a first episode of CMV infection and 3% experienced additional episodes, with most occurring during the first post-transplant year. One quarter of cases presented as asymptomatic viremia, three quarters as CMV disease with hematological, gastrointestinal, hepatic, pulmonary, ocular, and other consequences and 5% were hospitalized with CMV disease (1, 23). Patient and graft survival were significantly reduced in patients who experienced CMV infection (p<0.004–0.006) and were profoundly diminished in those with more than 1 episode of viremia (p<0.001).

Precise predictors are critical to guide therapy and enable early effective treatment in order to mitigate these devastating complications. Viral load surrogate endpoints have revolutionized the management of serious and potentially lethal viral infections including HIV, hepatitis, and COVID-19 and have transformed the clinical evaluation and time to licensure for new agents in these infections. Monitoring of CMV viremia has greatly advanced the management of post-transplant infection, but results are normally considered as quasi-binary around a pre-selected treatment threshold. We show here for the first time that viral load kinetics serve as important predictors of premature transplant failure, and that the more comprehensive data encompassed within the broad dynamic ranges in peak viral load (range: 3–7 log10 IU/mL), duration of viremia (range: 2–100 days), and integral of viral load over time (AUC) (range: 9–586 IU/mL × days) serve to identify those at maximum risk. A simple heuristic using peak viral load >10,000 IU/mL, duration of viremia >15 days, or an AUC of >60 log10 IU/mL × days may serve as a valuable tool to inform early and active therapy and provide a potential surrogate marker in clinical trial settings.

In concert with other reports, CMV infection was most prevalent (34%), despite prophylaxis, in seronegative recipients of organs from a seropositive donor (D+/R−), was intermediate in CMV seropositive recipients (D+/R+), and low in CMV seronegative recipients of organs from seronegative donors (D−/R−) (1, 24). Guidelines in Canada, the USA, and Europe recommend the use of prophylaxis for high-risk groups based on cost–benefit analyses and risks of leukopenia and other complications. However, within-center guidelines are often more nuanced and treatment individualized based on other risk factors (for example, ATG may increase risk of CMV and mammalian target of rapamycin inhibitors [mTORi] may reduce risk) (25, 26). Consequently, prophylaxis is often used more extensively and for longer duration in many centers in the USA versus Canada and Europe (3, 27), and large-scale analysis of the United States Renal Data System indicates that CMV infection rates are reduced along with other opportunistic infections and post-transplant diabetes in these patients.

There are a number of potential limitations associated with this study, including selection bias, information bias and confounding, which are inherent to observational design. To minimize selection bias, the study included all sequential patients transplanted in a single program in Canada who were followed throughout the period of observation within an integrated care network. While information bias may occur from many sources, stringent efforts were made to reduce this, using a single provincial electronic database with standard entry practices and uniform analytical strategies. Risk strata and classification criteria were defined according to national and international norms, and the period of enrollment and observation was chosen to ensure standardized diagnostic and therapeutic practices. Although confounding is perhaps more difficult to eliminate, we have made stringent efforts to minimize confounding by indication or by patient risk through post hoc stratification and regression modeling, and while the potential for time-varying differences in patient referral, case mix, unit services, and care patterns remain, these reflect normal practice patterns over this period.

Despite the limitations inherent in observational design, this large, longitudinal study has important strengths including sample size and provincial scope, the inclusion of sequential patients transplanted within a standardized care program, and long-term follow-up and management within a uniform clinical and laboratory program. It confirms the serious consequences of CMV infection, which not only causes systemic illness but also triggers inflammatory injury of specific target organs, complicates effective immunosuppression, destabilizes host immunological quiescence, and jeopardizes both graft and patient survival. The relationship between CMV infection and transplant failure may be causal, related to direct systemic endothelial injury, to the immune modulating effect of the virus in enhancing targeted T-cell rejection, or to iatrogenic reduction in immune suppression secondary to leukopenia, all leading to progressive vascular destruction, or may be consequential where treatment of rejection increases the risk of viremia (28). We cannot decipher all these interactions at present, which are now the focus of a deeper evaluation. However, the data reported here underscore this adverse consequence of the virus and demonstrate that the simple application of standardized clinical guidelines does not prevent the ravages of this infection. We show here that CMV viral load kinetics are important in predicting outcome and provide a simple pragmatic set of predictor values that may be critical in guiding therapy and may serve as an important virological endpoint for therapeutic trials in this disease.
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