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Abstract

Reactivation of latent cytomegalovirus (CMV) infection is a major cause of morbidity and
mortality in solid organ transplant recipients (SOTR). Ganciclovir and valganciclovir are
highly effective antiviral drugs whose role in the treatment of CMV disease and primary
prophylaxis is well established. The efficacy of secondary prophylaxis following the
successful completion of CMV treatment is, however, not clear. The objectives of this
study were to examine the effect of secondary prophylaxis with valganciclovir on the
likelihood of relapse in SOTR who had completed treatment for an episode of CMV

disease.

We performed a single-center retrospective cohort study of SOTR from 1995-2015 and
used propensity score based inverse probability of treatment weighting methodology to
control for confounding by indication. A weighted Cox proportional hazards model was
created to determine the effect of SP on time to relapse within 1 year of treatment

completion.

A total of 170 heart, liver and kidney transplant recipients who were treated for an
episode of CMV disease were included. One hundred and twenty (70.6%) received SP
for a median duration of 61 days, with a range of 5 to 365 days. Thirty-nine patients
(23%) relapsed. Use of SP was protective against relapse from 0 to 6 weeks following
treatment completion (hazard ratio, HR 0.19, 95% CI 0.05-0.69) but after this period of
time, risk of relapse did not significantly differ between the two groups (HR 1.18, 95% CI

0.46-2.99).



Our findings demonstrate that patients who received SP with valganciclovir were
significantly less likely to relapse during the initial 6 week period following completion of
treatment for CMV infection, but after this their risk of relapse was the same as those
who did not receive SP. SP should be considered a potentially effective strategy in

reducing ongoing morbidity and potentially mortality following CMV disease in SOTR.
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1. Introduction

Cytomegalovirus (CMV) is a ubiquitous B-herpesvirus that infects the majority of the
human population. Seroprevalence increases throughout life to at least 50% in the US
but approaching 100% in other parts of the world [1]. In the immunocompetent patient,
primary infection is usually asymptomatic though can cause an acute febrile
mononucleosis-like illness, which is usually self-limited and followed by a period of
latency and immune control. Any form of immune compromise can lead to reactivation
with diverse clinical manifestations which are best characterized in transplant recipients
and HIV positive individuals, although increasingly recognized in other
immunocompromized patients [2-5]. Additionally, CMV can be transmitted via the donor
organ to a non-immune recipient at the time of transplantation, or acquired peri- or post-
operatively through blood transfusions or contact with an infectious host resulting in

more severe primary disease.

During primary infection, CMV infects numerous cell types. Some support robust viral
replication then can be cleared of virus; others develop ongoing low-level replication (eg.
endothelial, epithelial cells). Hematopoetic progenitor & myeloid lineage cells harbor viral
genomes in the absence of active replication, resulting in the establishment of latent
infection [6]. This process requires coordinated regulation of viral gene expression,
maintenance of the viral genome, and modulation of host process and responses. While
termed ‘latency’, this is in fact an active dynamic state, requiring ongoing constant
surveillance and activity by the immune system to maintain viral control. It is likely
achieved by replication-specific viral factors and the non-permissive cellular environment
promoting epigenetic silence of the viral genome [7]. Even minor perturbations in host

immunity can lead to reactivation. The immune response is multifaceted, involving both



innate (natural killer cells, Toll-like receptors) and adaptive (cellular and humoral)
responses [8]. CMV contains numerous immune evasion that express proteins capable
of interfering with the immune response (eg. a cytokine very similar to interleukin-10
which inhibits peripheral blood mononuclear cell proliferation and activity). The T-cell
response to CMV is critically important, with CD4+, CD8+ and y® T-cells all involved.
These cells target proteins in the viral replication cycle, protecting against reactivation
(eg. pp65). Despite this, CMV still occasionally reactivates in antigen-presenting cells,
which then present antigen to T-cells and eventually inflate the CMV-specific T-cell

population until it comprises 10% of the entire T-cell repertoire [9-11].

Reactivation of latent cytomegalovirus infection is a major cause of morbidity, graft loss
and mortality in solid organ transplant recipients (SOTR). It can result in a diverse array
of clinical manifestations ranging from a non-specific febrile illness to severe end-organ
disease with syndromes such as colitis, pneumonitis and hepatitis [2]. The introduction
and widespread use of the highly effective antiviral drugs ganciclovir and valganciclovir
for both treatment and routine primary prophylaxis has led to a significant reduction in

the burden of CMV disease in SOTR over the past 30 years [12-14].

About 25% of patients still develop CMV reactivation either during or after cessation of
primary prophylaxis, referred to as ‘late-onset’ or ‘post-prophylaxis’ CMV disease [15-
17]. Treatment involves a reduction of immunosuppression where possible and several
weeks of antiviral therapy with the total duration determined by clinical response and
resolution of viremia [18]. Ganciclovir is a nucleoside analogue which disrupts CMV DNA
synthesis by terminating DNA chain elongation [19, 20]. It is relatively safe and well
tolerated and has been shown to be very effective in the treatment of CMV disease, with

its main toxicity being bone marrow suppression, which can be seen in up to 10-30% of



patients [21]. Although there was an oral formulation of ganciclovir introduced in 1994,
bioavailability is only around 6% so administration by this route does not lead to blood
levels high enough to suppress viral replication. Valganciclovir is a prodrug of ganciclovir
with a much higher oral bioavailability (~60%) that is converted to ganciclovir in vivo.
Serum half-life in SOTR is 6.48 + 1.38 hours [22]. A dose of 900mg twice daily is
pharmacokinetically equivalent to IV ganciclovir 5mg/kg twice daily. The clinical efficacy
of valganciclovir in the treatment of CMV disease has been demonstrated in the VICTOR
study, a large multicenter randomized trial published in 2007; although this study was
primarily in kidney transplant recipients, following release of its results oral valganciclovir
has been widely accepted as an equivalent therapy to IV ganciclovir in all SOTR [23,

24].

Following the successful completion of treatment of an episode of CMV disease, relapse
can occur with reported rates of between 20-30%. Interestingly, relapse rates have
remained remarkably consistent over time and across various studies (Appendix 5.1). A
number of risk factors for relapse have been identified, which relate to the extent of initial
disease and the degree of ongoing immunosuppression [12]. These include primary
CMV infection (ie. recipient CMV seronegative at time of transplant receiving an organ
from a seropositive donor, or acquiring CMV from another source post-transplant), high
initial viral load, prolonged viremia, persistent viremia at treatment completion, multi-
organ disease, CMV pneumonitis, treatment for rejection, cadaveric kidney/kidney-
pancreas/thoracic organ transplantation and ‘extensive disease’ in patients with
gastrointestinal CMV [23, 25-31]. However many of these studies are limited by a small
sample size and heterogeneous population, and do not use modern statistical
techniques to control for confounders. Some are reflective of older practices such as the

absence of primary prophylaxis, or a fixed duration of treatment rather than a clinically



oriented endpoint driven by resolution of symptoms and viremia, limiting generalizability

to modern patients.

One strategy employed by many clinicians in the hope of reducing the risk of relapse is
secondary prophylaxis (SP) with valganciclovir, where prophylactic dose is continued for
an extended period of time beyond successful completion of treatment [32]. This is
based primarily on extrapolation of proven efficacy following CMV retinitis in patients
with HIV-AIDS [33-36] and the success of primary prophylaxis in SOTRs, given the
limited data on SP in this group [37-40]. There are no clinical trials, and the published
observational studies are difficult to interpret for a variety of reasons including small
sample size, lack of a comparator group, or failure to adequately control for a variety of
confounding variables [41, 42]. In the VICTOR study, all patients received treatment for
a fixed duration of 3 weeks followed by SP for 4 weeks, so any benefit of this therapy
could not be determined [24]. In one recent retrospective cohort study of 42 kidney and
liver transplant recipients, relapse occurred in 4/18 (22%) patients who received SP
versus 4/24 (17%) patients who did not [43]. In another study of 297 kidney transplant
recipients, SP was used by 101/198 (51%) of patients who did not relapse (for a mean of
10 + 7 weeks) compared to 61/99 (62%) of patients that did relapse (8 £ 5 weeks), and
was associated with an increased likelihood of relapse in a multivariable logistic
regression model, although this was not statistically significant (odds ratio 1.74, 95% CI
0.73-4.11, p=0.21) [29]. Finally, in a third study of 26 D+/R- SOTR with biopsy-proven
gastrointestinal CMV disease, 10 patients received valganciclovir SP for a mean of 41.6
+ 28.6 days, with equal relapse rates (25%) among those receiving SP compared to
those not receiving SP [26]. While relatively safe, valganciclovir is associated with a

degree of toxicity and considerable costs so its use for SP is often restricted to patients



thought to be at high risk for relapse, resulting in the potential for confounding by

indication which has not been controlled for adequately in any of these prior studies [44].

To determine the efficacy of SP, we performed a retrospective cohort study of SOTR
who successfully completed treatment for an episode of CMV disease. We compared
the time to relapse between those who received and did not receive SP while controlling
for confounding by indication using propensity score based inverse probability weighting

methodology.



2. Methods

2.1 Study design and population

The study population included heart, liver, kidney, heart-kidney or liver-kidney transplant
recipients who developed an episode of CMV infection at Tufts Medical Center between
1995-2015. Cases were identified by searching electronic medical records for positive
test results for CMV, including viral cultures, histopathology, and viral load testing.
Patients were excluded if they (1) did not complete a course of antiviral therapy for their
CMV infection, (2) died, were lost to follow-up or experienced graft failed during
treatment or less than 2 weeks following treatment completion, or (3) did not have

sufficient clinical information available in the medical records.

This study was granted expedited approval by the Tufts Medical Center institutional
review board; informed consent was not required given the minimal risk and

retrospective nature of the study.

2.2 Data collection and predictor variables

Clinical data were collected through a detailed review of electronic and paper hospital
medical records. A panel of 3 transplant infectious diseases physicians reviewed all
cases individually to determine if they met our pre-defined inclusion/exclusion criteria
and whether they received secondary prophylaxis. Potential relapses (up to 1 year from
the completion of treatment) were evaluated independently with reviewers blinded to SP

status to determine whether they met the definition for relapse.



We collected data on demographic characteristics including age at CMV onset, year of
disease, sex, race, transplanted organ received, and baseline CMV serostatus. Details
of induction and maintenance immunosuppression, primary CMV prophylaxis regimen,
and episodes of rejection and their treatment were obtained. The ‘proven onset’ of the
CMV episode was defined as the date of sample collection of the positive test. Duration
and type of symptoms prior to this date, testing details and subsequent treatment were
recorded. Laboratory test results including creatinine (reference range, RR 0.57-
1.30mg/dL), absolute neutrophil count (RR 1.5-7.5 x 10%/uL), absolute lymphocyte count
(RR 1.0-4.0 x 10%uL), and total white blood cell count (RR 4.0-11.0 x 10%/uL) closest to
the treatment completion date were obtained. Estimated glomerular filtration rate (GFR)
was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-

EPI) equation and expressed in mL/min/1.73m? [45].

2.3 Immunosuppression, rejection and primary CMV prophylaxis protocols

Standard maintenance immunosuppression across all organ types consisted of a
calcineurin inhibitor (cyclosporine or tacrolimus), an antimetabolite (azathioprine or
mycophenolate) and prednisone (tapering protocols). There was a shift during the study
period from cyclosporine/azathioprine without induction immunosuppression to
tacrolimus/mycophenolate with induction using an antilymphocyte agent — routinely in
kidney transplant recipients and for calcineurin inhibitor sparing in heart/liver transplant
recipients with renal impairment (CKD-EPI GFR <30ml/min) from approximately year
2000. ‘Antilymphocyte therapy’ consisted of the administration of a specific anti-T-
lymphocyte agent for any reason, with agents including anti-thymocyte globulin (also
known as ATG or thymoglobulin, a polyclonal antibody which depletes CD4

lymphocytes), OKT3 (Muromonab-CD3, a murine monoclonal that binds to T-cell



receptor-CD4 complex), or an anti-interleukin-2 receptor antagonist (daclizumab or

basiliximab) [46-50].

Primary CMV prophylaxis was routinely used in all patients (aside from donor and
recipient seronegative patients) starting soon after it became available around 1995.
This consisted of the administration of either IV ganciclovir 5mg/kg once daily, oral
ganciclovir 1000mg three times daily, or oral valganciclovir 900mg once daily, with doses
adjusted for renal impairment according to the package insert [21, 22]. Between 1997-
2002, patients received 3 months of oral ganciclovir, with high-risk patients (donor
seropositive but recipient seronegative, D+/R-) receiving 7 doses of CMV immune
globulin (CMVIG). After 2002, almost all patients received 3-6 months (longer in high-risk
patients) of oral valganciclovir without routine CMVIG (except for D+/R- heart transplant

recipients, who continued to receive CMVIG until 2014).

All episodes of rejection were biopsy proven and if moderate or severe were treated with
intravenous methylprednisolone 1g daily for 3-5 days. If there was no initial response,
lymphocyte-depleting anti-T-cell therapy (most commonly anti-thymocyte globulin) was
used for cell-mediated rejection or anti-B-cell therapy (eg. rituximab, plasmapheresis,
intravenous immunoglobulin +/- bortezemib) was used for antibody mediated rejection. A
small number of patients underwent photopheresis for rejection refractory to standard
therapy. Patients were defined as having received steroids for rejection if they received
IV methylprednisolone or if their oral prednisone dose was increased by more than three

times their baseline level.



2.4 CMV diagnosis

CMV infection was defined as a positive test for CMV at any body site. CMV end-organ
disease required laboratory confirmation of CMV plus clinical evidence of organ
dysfunction, categorized as proven (positive pathology or cultures at a non-blood site
with attributable symptoms), probable (viremia plus attributable symptoms), or possible
(viremia with clinical symptoms suggestive of end-organ involvement but a potential
alternative diagnosis present). Patients with CMV syndrome had detection of CMV in
blood plus =2 of: fever for at least 2 days, new or increased malaise, neutropenia (<1.5 x
103/uL) or thrombocytopenia (<150 x 10%/uL), elevated AST/ALT (>2x upper limit of

normal, non liver-transplant recipients only, AST >84 IU/L, ALT >108 IU/L).

Patients were diagnosed with CMV viremia based on the detection of CMV DNA or virus
in whole blood or plasma. Viral load testing was generally done during the evaluation of
clinical illness, though some high-risk asymptomatic patients were tested in the setting of
active surveillance following cessation of primary prophylaxis. Three assays were used
throughout the course of the study. From 10/23/97 to 12/15/08, the Hybrid Capture CMV
DNA assay (version 2.0), Digene Corp™, Silver Spring, MD (now Qiagen) was
performed by our hospital clinical laboratory. This was a whole blood assay with a range
of detection of 2.1 to >830 pg/mL (“Assay 1”). From 12/16/08 to 1/21/11, samples were
sent out to Quest Diagnostics (Chantilly, VA) for testing with their whole blood assay,
with a range of detection of 200 to >200,000 copies/mL (“Assay 2”). From 1/22/11 to the
end of the study, our hospital clinical laboratory performed plasma viral load assay with a
range of detection of 1000 to 500,000 copies/mL (Focus Diagnostics™ “Simplexa” kit)
has been in use (“Assay 3”). This assay is unreliable below 1000 copies/mL so values

below this are reported as ‘detected but <1000 copies/mL’.



Invasive procedures (eg. gastroscopy, colonoscopy, bronchoscopy) were performed as
clinically indicated to obtain tissue samples for additional testing. No routine surveillance
endoscopies were performed. Biopsy material (or BAL cytology) was examined with
standard hematoxylin and eosin (H&E) staining for the presence of characteristic CMV
inclusion bodies. Immunohistochemical (IHC) stains using CMV-specific mouse
monoclonal antibodies (Cell Marque, Sigma-Aldrich, Rocklin, CA) were performed on

request or clinical suspicion.

Blood buffy coat, tissue biopsies, urine and bronchoalveolar lavage (BAL) samples were
cultured for CMV using the rapid shell-vial technique and conventional viral culture
throughout the study period using human fibroblast cell lines, with CMV detection by
direct immunofluorescence using conjugated monoclonal antibodies against CMV
immediate early antigen 1 and 2 (Light Diagnostics™, EMD Millipore Corporation,

Temecula, CA).

2.5 CMV treatment

Standard treatment of CMV infection was with intravenous ganciclovir 5mg/kg twice daily
or oral valganciclovir 900mg twice daily with doses adjusted for renal impairment
according to the package insert [21, 22]. Duration of therapy was individualized and
determined by clinical and virologic endpoints (ie. negative viral loads), but was
generally at least 2 or 3 weeks. If ganciclovir resistance was suspected on clinical
grounds, alternative antiviral agents (eg. foscarnet, cidofovir) were considered and

genotypic testing was performed.

10



2.6 Secondary prophylaxis

SP was defined as the continuation of IV or oral ganciclovir, or oral valganciclovir, at
prophylactic dose following the completion of therapy. The decision to use SP and for
what duration was made on an individualized basis by treating clinicians using clinical
information available at the time. No formal institutional protocols addressing use of SP

were in place during the study period.

2.7 Relapse

The primary study outcome was time to relapse of CMV infection, defined as CMV
infection or disease that occurred after the completion of successful treatment of an
initial episode of CMV disease. Relapse could occur from any time following treatment
completion up to 1 year, including while receiving secondary prophylaxis. One year was
chosen because it was thought that relapses occurring beyond this timeframe were less
likely to be related to use of SP and more to other factors. Patients were considered to
have relapsed if (1) they became symptomatic with any positive test for CMV (2) were
asymptomatic but had a single positive viral load test above the lower limit of detection
of the assay, or (3) were asymptomatic but had =2 consecutively positive tests <1000
copies/mL (assay 3). Asymptomatic patients with a single positive test <1000 copies/mL
on assay 3 were not counted as relapses. This definition was adapted from previous
published studies to suit our patient population and local diagnostic testing (Appendix

5.3).

11



Censoring occurred at the time of relapse, death, graft loss (return to dialysis in kidney
transplant recipients or retransplantation), loss to follow-up or at one year after

completion of therapy for the initial episode of disease, whichever came first.

2.8 Statistical analysis

Basic descriptive statistics were calculated. Categorical data were reported as
percentages, continuous data as means + standard deviations if normally distributed and
as medians with ranges if non-normally distributed. Missing data for the variables of

interest were negligible.

To adjust for potential non-random use of SP in our diverse cohort of transplant
recipients and to help control for confounding by indication, we developed a propensity
score and applied it using inverse probability of treatment weighting (IPTW) methodology
[51]. A non-parsimonious logistic regression propensity model predicting use of SP was
created, with variables that might plausibly influence treatment choice and relapse
selected a priori by a panel of 3 experienced transplant ID physicians based on clinical
reasoning rather than formal statistical hypothesis testing. Only variables occurring up to
the time of treatment completion were included in our modeling approach. Some
categorical variables were collapsed due to low cell counts or to minimize problems with
model convergence. To handle the 3 different viral load assays, we interacted a binary
categorical indicator variable for each assay type with a second variable for the actual
numeric value of the assay result. Patients who were tested and had undetectable viral
loads were encoded as 0, those with detected <1000 copies/mL encoded as 1, and if
above the upper limit of the assay were encoded as the upper limit plus 1. A number of

candidate models were explored including various transformations of continuous

12



variables (eg. log, quadratic) as well as interaction terms. The model resulting in the
lowest overall standardized mean difference after applying weights was selected as the
final model. A C-statistic was calculated to give an indication of the level of
discrimination of the propensity score model in predicting use of SP, and of the

comparability of the two treatment groups.

The fitted values from this model were used to assign individual probabilities that
estimated each subject’s probability of being assigned to receive SP. Weights were then
constructed using stabilized inverse probability weighting, where subjects who received
SP were weighted by pse/pi (Wwhere pspis the overall probability of receiving SP in the
sample and p; is the individual's propensity for receiving SP); patients who did not
receive SP were weighted (1-psr)/(1-pi) [52, 53]. These weights yielded an estimate of
the average treatment effect standardized to the overall study population rather than an

estimate of the treatment effect in just the treated patients.

Balance between the groups was checked in the overall database by calculating
standardized mean differences (SMD) in the unweighted and weighted samples across
all covariates included in the propensity score. The SMD compares the difference in
means in units of the pooled standard deviation, allowing for simpler comparison of both
categorical and continuous variables [54]. We also examined the positivity assumption
(that exposed and unexposed observations are present for all values of the propensity,
ie. that included patients were potential candidates for both treatment arms) by
examining the distribution of weights, with the intention of trimming or truncating

observations with extreme weights. See Appendix 5.4 for more details.
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After applying the weights to our sample, we performed a univariate Cox proportional
hazards analysis to estimate the hazard ratio associated with SP for the primary
outcome of time to relapse within 1 year following treatment completion. Diagnostics
were performed to ensure that the assumptions of the Cox proportional hazards

regression model were met.

All statistical analyses were performed with the R statistical software platform version

3.2.4 (RStudio version 0.99.903) using the following packages: Hmisc, descr, psych,

gmodels, tableone, mice, survival, epitools, rms, ResourceSelection, survey, and VIM.
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3. Results

3.1 Study population

A total of 246 patients were initially identified from the laboratory database search,
however on review 10 of these were not considered to be eligible for the study and 66
met our exclusion criteria, leaving 170 patients in our final cohort (Figure 3.1). The
average age at CMV onset was 52.5 + 13.6 years, there was a male predominance and
three-quarters were white (Table 3.1). Ten percent of the cohort had previously
undergone organ transplantation. There were 79 (46.5%) kidney, 52 (30.6%) heart, 34
(20%) liver and 5 (2.9%) combined liver-kidney transplant recipients. A total of 120
patients (70.6%) had evidence of end-organ disease, most commonly in the
gastrointestinal tract. Thirty-one cases had a proven site of end-organ disease, 74 a
probable site and 15 a possible site, as defined above. The majority of patients
commenced or completed therapy with oral valganciclovir, though one-fifth were treated
with IV ganciclovir alone. Median treatment duration was 28.5 days. Five patients had
clinically suspected ganciclovir resistance, one had a confirmed UL97 mutation but

responded to high dose ganciclovir, another was treated empirically with foscarnet.
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Figure 3.1: Diagram demonstrating number and flow of particpants in the study.
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CMV, cytomegalovirus. LTFU, lost to follow-up.
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Table 3.1: Baseline characteristics of the overall cohort of solid organ transplant

recipients with CMV disease (n=170).

Characteristic

Details

Age at CMV onset (years), mean + SD

52.5+13.6

Male sex, no. (%)
White race (vs. non-white), no. (%)

111 (65.2%)
127 (74.7%)

Year of CMV disease, median, range

2007, 1995-2016

Previous transplant, no. (%) 16 (9.4%)
Transplanted organ, no. (%)
Heart 52 (30.6%)
Liver 34 (20%)
Liver-kidney 5(2.9%)
Kidney (living related donor) 15 (8.8%)
Kidney (living unrelated donor) 16 (9.4%)
Kidney (deceased donor) 48 (28.2%)
Receiving hemodialysis during CMV treatment, no. (%) 5 (2.9%)
CMV serostatus at time of transplant, no. (%)
Donor positive, recipient negative 85 (50.0%)
Donor positive, recipient positive 53 (31.2%)
Donor negative, recipient negative 6 (3.5%)
Donor negative, recipient positive 24 (14.1%)
Donor unknown, recipient positive 2(1.2%
Induction immunosuppression with antilymphocyte agent, no. (%) 81 (47.6%)
Number of immunosuppressive drugs at treatment completion, no. (%)
1 13 (7.6%)
2 85 (50%)
3 72 (42.4%)

Antilymphocyte agent within 1 year prior to treatment completion, no. (%)
Steroid-treated rejection within 1 year prior to treatment completion, no. (%)

61 (35.9%)
38 (22.4%)

Steroid-treated rejection after CMV (to 1 year or relapse), no. (%) 15 (8.8%)
Any antilymphocyte agent after CMV (to 1 year or relapse), no. (%) 1(0.6%)
Days from transplant to CMV onset, median, range 214.5, 25-7918
Days of symptoms prior to proven onset, median, range 11.5, 0-365
Site of disease, no. (%)
Asymptomatic 6 (3.5%)
CMV syndrome 44 (25.9%)
Disseminated 2 (1.2%)
Gastrointestinal 111 (65.3%)
Lung 7 (4.1%)
Type of end-organ disease episode, no. (%)
None 50 (29.4%)
Possible 15 (8.8%)
Probable 74 (43.5%)
Proven 31 (18.2%)

Peak viral load, median, range*
Assay 1 (pg/mL, n=88)
Assay 2 (copies/mL, n=23)
Assay 3 (copies/mL, n=46)

35, 0-831
5101, 0-200001
1343, 0-500001

Days from diagnosis to start of treatment, median, range 3,-11-72
Admitted for CMV, no. (%) 134 (78.8%)
Length of stay (days, n=134), median, range 6, 1-46
Seen in ID clinic, no. (%) 133 (78.2%)
Treatment duration (days), median, range 28.5, 3-201

Treatment type, no. (%)

PO only 72 (42.4%)

IV and oral 64 (37.6%)

IV only 34 (20%)
CMV immune globulin used as part of initial treatment, no. (%) 17 (10%)
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Laboratory results at treatment completion, mean + SD
Total WBC (x10%/uL, n=140) 46+26
Absolute lymphocyte count (x10%/uL, n=133) 1.01 £ 0.66
Absolute neutrophil count (x103/uL, n=133) 3.01+£19
CKD-EPI GFR (mL/min/1.73m?, n=140) 56.9 £ 25.2
Received secondary prophylaxis, no. (%) 120 (70.6%)
Duration of secondary prophylaxis (days), median, range 60.5, 5-365%
Drug received for secondary prophylaxis, no. (%)
IV ganciclovir 2 (1.7%)
PO ganciclovir 16 (13.3%)
Valganciclovir 102 (85%)

CMV, cytomegalovirus. SP, secondary prophylaxis. IV, intravenous. PO, oral. CKD-EPI GFR,
Chronic kidney disease epidemiology collaboration estimated glomerular filtration rate. SD,
standard deviation.

*refer to descriptions of assays in methods.

A3 patients received SP for >1 year but were truncated at 365 days for the purposes of analysis

3.2 Use of secondary prophylaxis

Almost three-quarters of the study cohort received SP, however there was wide variation
in how long they received it for, with a mean duration of 77 + 70 days (median 60.5,
range 5-365). One-third had stopped by 6 weeks, half of patients by 2 months and three-
quarters by 3 months (Figure 3.2). Three patients who received SP for >1 year were

truncated at 365 days for analysis, none of them relapsed within the year.

Figure 3.2: Boxplot showing the distribution of duration of secondary prophylaxis
actually received amongst those initially assigned to receive it (3 patients receiving >1
year were truncated at 365 days).
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3.3 Outcomes

Overall, 39 patients (23%) relapsed within the 1-year follow-up period, with 26/120
(21.7%) patients receiving SP experiencing relapse compared to 13/50 (26%) of those
not receiving SP. Seven patients had asymptomatic viremia alone, 17 had CMV
syndrome, and 15 had evidence of end-organ disease. Twenty-one patients (12.4%)
were censored before 1 year, with 12 deaths, 1 graft failure, 3 lost to follow-up, 4 still
completing follow-up at the time of study completion, and 1 who restarted SP after
initially stopping it. Median time to relapse was 79.5 days (range 28 to 314 days) in

those receiving SP and 35 days (14 to 357 days) in those not receiving SP.

3.4 Propensity score development and inverse probability weighting

Variables included in the final propensity score model are shown in Table 3.2, with
patient groups divided by use of SP, before and after applying the inverse probability
weights. The C-statistic of the propensity score model was 0.80, indicating a relatively
good ability of this model to discriminate between those who received SP and those who
did not. The median score in those receiving SP was 0.85 (interquartile range, IQR 0.72-
0.93) versus 0.54 (IQR 0.17-0.72) in those not receiving SP, so there was reasonable
overlap in the distribution of the propensity scores between the treated and untreated
groups (Appendix 5.5.4). This score was then applied to weight patients by the inverse
of the probability of receiving the treatment that they actually received, creating balance
for all covariates across the two treatments, to control for confounding by indication. The

weights ranged from 0.71-5.4 in those receiving SP and 0.30-3.61 in those not receiving
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SP. Given the absence of extreme weights (<0.1 or >10), there was no evidence of

violation of the positivity assumption, so trimming or truncating was not required.

The standardized mean differences are summarized in Table 3.2 and Figure 3.3, where
variables are ranked in descending order based on the magnitude of the unweighted
SMD. Patients who received SP were more likely to be white, to have had their CMV
infection more recently, to have received thymoglobulin within 1 year, to have received
initial intravenous antiviral therapy, and were less likely to have undergone
transplantation previously. After applying the inverse probability weights, the
standardized mean differences of these variables all decreased, and most other

variables had an SMD <0.1.
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Figure 3.3: Plot showing the standardized mean differences (SMD) of variables in
propensity score model before and after applying weights, demonstrating the effect of
weighting in balancing the treatment groups.
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Table 3.2: Comparison of weighted and unweighted patient groups, subdivided by use

of secondary prophylaxis, using variables included in propensity score model.

Characteristic

Unweighted sample

Weighted sample

Did not Received SP SMD Did not Received SP SMD
receive SP (n=120) receive SP (n=117.4)
(n=50) (n=44.4)
Age at CMV onset, years, mean + SD 52 £ 12 53+ 14 0.009 53+ 15 53+ 14 0.02
Male sex, no. (%) 33 (66.0) 78 (65.0) 0.021 29.3 (66.0) 77.2 (65.7) 0.005
White race (vs. non-white), no. (%) 34 (68.0) 93 (77.5) 0.215 29.2 (65.9) 84.6 (72.1) 0.133
Previous transplant, no. (%) 7 (14.0) 9(7.5) 0.211 6.0 (13.4) 12.2 (10.4) 0.095
Year of CMV disease, mean + SD 2005.64 £ 2007.37+4.69 | 0.304 2007.78 2007.77 £ 0.001
6.53 5.70 5.06
Transplanted organ, no. (%)
Heart 17 (34.0) 35 (29.2) 0.115 13.8 (31.1) 35.3 (30.1) 0.175
Liver/Liver-kidney 18 (36.0) 45 (37.5) 19.9 (44.8) 45.2 (38.5)
Kidney (living unrelated) 4 (8.0) 12 (10.0) 3.4 (7.7) 11.0 (9.4)
Kidney (deceased/LR) 11 (22.0) 28 (23.3) 7.3(16.4) 26.0 (22.1)
Receiving hemodialysis during CMV 2 (4.0) 3(2.5) 0.085 1.0 (2.3) 2.8 (2.4) 0.009
treatment, no. (%)
Recipient CMV seronegative, no. (%) 27 (54.0) 64 (53.3) 0.013 20.5 (46.3) 58.5 (49.8) 0.071
Antilymphocyte therapy within 1 year of 13 (26.0) 48 (40.0) 0.301 18.3 (41.2) 455 (38.7) 0.05
treatment completion, no. (%)
No. immunosuppressive drugs at 2.34 (0.66) 2.35 (0.60) 0.016 2.34 (0.68) 2.32 (0.60) 0.04
treatment completion, mean + SD
Steroid treated rejection within 1 year of 14 (28.0) 24 (20.0) 0.188 11.0 (24.7) 24.6 (20.9) 0.09
treatment completion, no. (%)
Days from transplant to CMV onset, 777 £ 1462 582 + 1050 0.153 572 + 1071 599 + 1056 0.025
mean + SD
End-organ disease, no. (%) 34 (68.0) 86 (71.7) 0.08 30.8 (69.4) 80.8 (68.8) 0.012
Peak viral load, mean £ SD
Assay 1, number 23 (46.0) 65 (54.2) 0.164 18.4 (41.5) 59.1 (50.3) 0.178
Assay 1, value (pg/mL) 73 + 181 81+ 189 0.047 105 + 235 82 + 195 0.106
Assay 2, number 3(6.0) 20 (16.7) 0.341 5.1(11.4) 16.2 (13.8) 0.07
Assay 2, value (copies/mL) 3069 + 19852 | 6621 + 32999 0.13 2676 + 15779 | 563129796 | 0.124
Assay 3, number 15 (30.0) 31 (25.8) 0.093 17.6 (39.7) 37.5(31.9) 0.164
Assay 3, value (copies/mL) 22544 + 31604 + 0.09 21363 26970 0.063
96136 105979 78095 98092
Treatment duration, days, mean + SD 43 + 36 37 +28 0.179 42 + 30 39+29 0.086
Treatment type
PO only 25 (50.0) 47 (39.2) 0.353 20.8 (47.0) 53.9 (45.9) 0.025
IV and oral 13 (26.0) 51 (42.5) 16.6 (37.4) 44.3 (37.7)
IV only 12 (24.0) 22 (18.3) 6.9 (15.6) 19.2 (16.4)
CMV immune globulin used as part of 6 (12.0) 11(9.2) 0.092 2.4 (5.5) 8.7 (7.4) 0.078
initial treatment, no. (%)
CKD-EPI GFR, mL/min/1.73m?, mean + 57.1+28.2 56.8 £24.5 0.01 58.6 £ 28.1 56.6 £ 25.9 0.074

SD

Abbreviations: CMV, cytomegalovirus. SMD, standardized mean difference. CKD-EPI GFR,

Chronic kidney disease epidemiology collaboration estimated glomerular filtration rate. PO, oral.

IV, intravenous. SD, standard deviation.
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3.5 Cox proportional hazards analysis

Figure 3.4 shows Kaplan-Meier plots of the probability of relapse-free survival in patients
who did and did not receive SP, unweighted and after adjustment by weighting. In both
groups, most relapses occurred within 100 days. While there appears to be a trend
towards decreased probability of relapse amongst those patients receiving secondary

prophylaxis, these differences were not statistically significant.

In developing the Cox regression models, a violation of the proportional hazards
assumption was identified, indicating that the effect of secondary prophylaxis varied over
time (Appendix 5.8). Because greater than a third of patients initially assigned to SP had
stopped it by 6 weeks, we addressed these violations by calculating a separate adjusted
hazard ratio for 0 to 6 weeks and 6 weeks to 1 year. Choosing these time periods
minimized misclassification but also allowed sufficient time to have elapsed for some

relapses to occur.

Results of the weighted and unweighted Cox models are shown in Table 3.3. Applying
the weights had only a modest effect on the hazard ratios for SP, shifting them down
slightly. The weighted hazard ratio for the effect of secondary prophylaxis on relapse
was 0.19 (95% CI 0.05-0.69) for 0 to 6 weeks and 1.18 (95% CI 0.0.46-2.99) for 6 weeks
to 1 year after treatment completion. This indicates a statistically significant protective
effect of SP during the early period (p=0.01), but no significant difference between those

receiving and not receiving SP during the later period.
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Figure 3.4: Kaplan-Meier plots showing the estimated probability of relapse-free survival
in patients who did and did not receive secondary prophylaxis (SP), before and after
adjustment for confounders by propensity score based inverse probability weighting. P-
values refer to log-rank test results.
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Table 3.3: Unweighted and weighted hazard ratios showing the effect of secondary
prophylaxis in the early and late time periods.

Unweighted Weighted
HR (95% CI) p-value HR (95% ClI) p-value
Early time period (0-6 weeks) 0.22 (0.06-0.76) 0.02 0.19 (0.05-0.69) 0.01
Late time period (6-52 weeks) 1.51 (0.61-3.72) 0.37 1.18 (0.46-2.99) 0.73

HR, hazard ratio. Cl, confidence interval.
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4. Discussion

The results of this study suggest that the use of SP with valganciclovir following the
successful treatment of an episode of CMV disease in SOTRs is associated with
reduced risk of early relapse. This is the first study to explore this question that also
attempts to control for multiple confounders. Secondary prophylaxis with valganciclovir is
one of the few interventions available to clinicians that can be initiated in an attempt to
reduce the risk of recurrent CMV disease. Despite a lack of clear evidence that this
practice is effective, it has become more widespread in recent years, particularly among
patients perceived to be at high risk for relapse. Given the risk of long-term toxicities and
costs of valganciclovir, our work represents an important contribution to the
understanding of the potential benefits of SP. Our results suggest that while relapse is
very unlikely in patients who are actively taking SP, but when it is stopped, after
adjusting for confounders, the risk of relapse becomes similar to those who did not

receive SP.

These findings are consistent with studies of primary prophylaxis, which have shown that
longer durations of prophylaxis delay the onset of primary disease [37, 38, 55]. They are
also biologically plausible when the mechanism of action of ganciclovir and
pathogenesis of CMV are considered. Infection with cytomegalovirus results in life-long
integration of viral DNA into the host genome. Significant immune investment,
predominantly mediated by T-lymphocytes, is required to maintain long-term viral
control. Immunosuppressed individuals can easily lose this control resulting in
unhindered viral replication, clinical disease, and secondary consequences such as
immune dysfunction, which can further perpetuate the problem [8]. While ganciclovir and

valganciclovir are highly effective antiviral agents that successfully block viral DNA
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synthesis and prevent disease, when the drug is stopped in the absence of sustained
immune activity, viral replication can recommence leading to recurrent disease. Given
that the majority of patients assigned to SP only actually received it for a few months or

less, it was not unexpected to see the effect of SP vary over the 1-year follow-up period.

4.1 Strengths and limitations

A major strength of this study is its use of propensity score methodology to control for
confounding by indication, which is an important confounder in clinical research that
occurs when the clinical indication for choosing a treatment affects the outcome of
interest. In our case, this encompasses the measurable clinical factors associated with
both use of SP and relapse which we included in our propensity score model [44].
Failure to control for these confounders has been a major limitation of previous studies.
In the absence of data from randomized clinical trials, which are unlikely to be
forthcoming due to feasibility constraints, a propensity-based approach offers a viable
solution to this problem. Applying propensity scores through inverse probability
weighting enables the balancing of measured covariates between treatment groups,
allowing for a more accurate estimation of true treatment effect, while preserving the
original sample size. This methodology is being used in diverse areas of medicine to
more closely emulate a randomized clinical trial when only retrospective observational
data are available [56-58]. In particular, propensity methodology based on modeling the
exposure can offer improved confounding control compared to conventional regression
models based on the outcome, when outcomes are relatively rare [59], as they are in

this study (39 relapses).
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Nevertheless, our study has some limitations that should be considered when
interpreting these findings. This was a large study considering the rarity of the disease,
and is the largest performed to date specifically addressing the question of SP in SOTR.
However, statistical power remains limited by the sample size of 170 patients, only 50 of
whom did not receive SP. Given the retrospective nature of our study, it is possible there
may have been unmeasured confounders that could have influenced treatment
allocation that were not accounted for in our propensity score model. Non-adherence to
SP could have led to exposure misclassification, however this should have resulted in
bias towards the null and an underestimation of treatment effect. There were changes in
CMV diagnostics, CMV treatment and immunosuppression protocols over the 20-year
study period, and these changes in clinical practice were difficult to fully control for given
the data and methodologies available to us, although calendar year was a variable in our
model. While we accounted for the time-varying nature of SP to some extent, there was
wide variation in duration of SP that individual patients received, complicating our

analysis.

Accounting for viral load was difficult in our cohort given the different assays used by our
laboratory during the study period, which were not standardized to each other so could
not be directly compared. Fortunately our statistical methodology allowed flexibility with
the number of model variables allowing us to somewhat overcome this limitation.
Persistent viremia at treatment completion is a risk factor for relapse, and although
patients were treated until resolution of viremia, frequency and sensitivity of testing have
increased over time. We support the slow worldwide move towards an international
standardization of CMV viral load testing, which will allow easier comparison of values
between laboratories, transplant centers and countries, facilitating patient management

as well as future studies [60-62].
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4.2 Future directions

There are many potential future directions for this work. While SP appears to have a
benefit on likelihood of relapse while patients are on therapy, it is not clear for how long it
should be continued and if it should be used in all patients routinely or in a more directed
manner. We could not extrapolate the effect of continuing SP for an extended period of
time from our data, though we would anticipate that longer durations of SP are likely to
delay relapse for longer periods of time. Individualized, accurate risk prediction would
allow for targeted use of SP amongst patients most likely to relapse, guide duration, and
spare low-risk patients from unnecessary drug toxicity. Promising new interferon-y
release assay based tests are becoming available, which may allow for the more
accurate detection of an effective CMV-specific immune response and help with
prediction of patients likely to develop CMV reactivation [63-65]. An accurate, validated
risk prediction tool incorporating both clinical as well as laboratory test parameters could
be applied either at the end of primary prophylaxis (to predict development of initial
disease), at treatment completion (to predict risk of relapse), or during SP (to inform
timing of cessation) and would enable clinicians to better balance the risks versus

benefits of ongoing SP and individualize therapy more precisely.

Ongoing CMV replication exposes the patient not only to the direct effects of CMV
disease, but also to the long-term indirect effects including an increased risk of rejection,
secondary infections, malignancies including post-transplant lymphoproliferative disease
(PTLD), and overall decreased graft and patient survival [66-69]. Ultimately,
understanding the impact of ongoing CMV activity on these long-term outcomes would

be of importance. All of these studies would likely require collaboration between multiple
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centers, large cohorts of patients and long durations of follow-up in order to have

sufficient power to draw meaningful conclusions.

4.3 Conclusions

In conclusion, the results of our large retrospective cohort study of 170 solid organ
transplant recipients with CMV disease suggest that SP is effective at preventing relapse
of CMV, but only while patients are maintained on the antiviral medication. There is a
subset of patients who will relapse despite the use of secondary prophylaxis, and in
these patients, SP will likely delay but not prevent this outcome. However, given the high
potential morbidity of ongoing CMV replication and the few available interventions to
prevent this, targeting high-risk patients with ongoing SP is likely to be an efficacious
approach. The interplay between the host immune system, cytomegalovirus, and the
transplanted organ is complex. Future studies are needed to improve understanding of
the relationships between these factors and determine the best management of these

patients in the future, with the goal of improving their post-transplant outcomes.

29



5. Appendix

5.1 Summary of prior studies

Table 5.1: Published studies of CMV disease in SOTR that address relapse, including
use of secondary prophylaxis.

Study Population Treatment RR & TTR RF for relapse Comments
Sullivanet | 22K IV gan/po valgan x L: 0 v 10% (mean 30, Mean days to clearance of SP not
al, 2015 20L 30-40d range 7-52 days) viremia significant
[43] 73% kidneys & 10% | K: 25 vs 33% (275,
livers received SP 15-735 vs. 328, 10-
645 days)
(+/- SP)
Nafar et 71K IV gan x 3w 19/71 (26.7%) None identified
al, 2014 (timeframe not
[31] discussed)
Helantera 297 K IV gan/po valgan to 98/297 (33%) Number of HLA DR SP not
et al, 2014 clinical/virologic Median 6 weeks mismatches (not after significant
[29] endpoint (duration (range 0-266) adjusting for higher
not discussed) cyclosporine levels)
~55% received
2’PPX
Helantera 62 K IV gan/po valgan, 18/62 (29%) recurred, Delayed graft function SP in 16/26,
et al, 2011 treated until mean 32d (range 1- Duration of antiviral mean 52d, OR
[28] resolution of viremia | 67) in treated patients | treatment 2 (0.64-6.28)
(median duration 22 High viral load at
days), reduction in diagnosis/peak
MMF
14 untreated
patients included.
Asberg et 259 SOTR Randomized to 66/220 (30%) at 1 Use of cyclosporine over Post-hoc
al, 2010 (72.1% K) but | either IV gan or po year tacrolimus (21.1% vs 33.3%, | analysis of
[25] 1y f/lu on 216 valgan x21d, then po p=0.031) but NOT degree of | VICTOR trial
valgan 900mg qd to immunosuppression
day 49 otherwise
Eid et al, 13K 25/26 IV gan 7126 (27%), mean f/u ‘Extensive disease’ in Gl- SP not
2010 [26] 0L induction (mean period 9791550 days CMV patients, defined as significant
3H 33.8d) then valgan concurrent involvement of
all GI CMV (mean 27.5d) the upper and lower GIT.
10 valgan Others all NS (CMV
maintenance (41.6d) seroconversion, VL,
duration, SP, endoscopy at
end-of-rx)
Asberg et 259 SOTR Randomized to 66/220 (30%) at 1 Persistent viremia at day 21 Post-hoc
al, 2009 (72.1% K) but | either IV gan or po year analysis of
[23] 1y f/lu on 216 valgan x21d, then po Univariate only: VICTOR trial
valgan 900mg qd to Negative CMV IgG
day 49 serostatus All received
Type of organ (lung >kidney | SP
> heart > liver)
Shanahan | 105 SOTR Oral or IV for 21 20/105 (19%) Receipt of a thoracic organ
et al, 2009 | recipients days followed by po Mean TTR 38, median | Diabetes mellitus
[70] valgan 900mg qd to 60, range 7-98 days
complete 90d
Levitsky et | 28 SOTR (K, 119d IV ganciclovir 11/28 (39.3%) None Majority of
al, 2008 L, H, lung; 6 followed by oral median f/u 387 (32- recurrences
[71] thoracic valgan or 104d 712) days were
organ) valgan alone asymptomatic
and not
treated
Franco et 49K 2 weeks of IV 12/49 (24.5%) Failure to clear viremia
al, 2007 ganciclovir Detected between 14- | Acute rejection
[72] 50 days after (timeframe/details not

treatment

specified)
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discontinuation (f/u
12m)

Humar et 52 SOTR (35 2-3 weeks of IV 12/52 (23.1%) Failure to clear viremia
al, 2002 L, 7 K, 7 lung, ganciclovir TTR mean 60d Time to clearance
[73] 3 other) (median 40, range 24- | Slow decrease of viral load
160) in first week of treatment
Muheim et | 63 SOT 15d ganciclovir 32/63 (50.8%) Older age (odds doubling by | Endpoint
al, 2002 19H recurrent but only decade) “protracted
[74] 57K 27/63 (42.9%) D+/R- > D+/R+ > D-/R+ infection” not
25L ‘protracted’ (pre-existing immune purely
Within 2y response) recurrence
High end-of-treatment viral
load
Peak viremia
Sia et al, 24 SOTR (H, 2 weeks of IV 8/24 (33%) High-risk serostatus 25% had
2000 [75] L, K) ganciclovir Median TTR 33d (22- Higher pre- and post- persistent
65) treatment viral loads viremia after
14d treatment
Turgeonet | 19K, 18L 2-3 weeks of IV 10/37 (27%) Presence of multi-organ SP with oral
al, 2000 ganciclovir, then 2-3 | Mean TTR 65d (range | disease gan for all. 2
[41] months of oral 17-330). CMV pneumonia developed
ganciclovir (2g/day) gan-resistant
recurrent
disease
Humar et 332 KorKP 14d IV ganciclovir 103/332 (31%) Treatment for rejection (after | CMV IG not
al, 1999 then 10w oral 57% within 1-3m, 88% | CMV episode), cadaveric sig
[30] acyclovir within 1y kidney or kidney-pancreas
transplantation
Falagaset | 41L At least 8d 11/41 (27%) Multiorgan disease, CMV Death more
al, 1997 ganciclovir 9 within 90d (median pneumonitis common in
[27] 27, 15-79), 2 >90d recurrent CMV
(178 & 269d) group
Manez et 15 small Ganciclovir 10mg/kg | 8/15 (53%) within 1y CMV seronegative recipients
al, 1995 bowel or x 21d Total amount of steroid
[76] SBl/liver bolus pulses
Sawyeret | 114 Kor KP Ganciclovir 14-21d 28/114 (24.6%) within Treatment for rejection
al, 1993 renally adjusted, to 3y (timing not discussed),
[77] clinical end-point cadaveric kidney or kidney-
pancreas transplantation
Van den 36 IV ganciclovir 11/36 (30.1%) No significant predictors
Bergetal, | 23K 5mg/kg q12h x 10- Median 17d (5-33) (small numbers)
1993 [78] 13 L 14d
Jordan et 36 cadaveric IV ganciclovir >7d 2/36 (6%) within 9 Not studied
al 1992 K but clinical endpoint weeks
[79] (mean 12.2 +/- 3.5d,
4-21)
Mayoral et | 14 IV ganciclovir x 14d 4/14 (28.6%) Not studied
al, 1991 8K TTR mean 28d (27-
[80] 2KP,2L,2H 31)
Stratta et 69 L IV ganciclovir 18/69 (26.1%) Primary CMV infection
al, 1989 5mg/kg q12h x 14d Mean TTR 32.9d (5-

[81]

103)

RR, relapse rate. TTR, time-to-relapse. RF, risk factors. IV, intravenous. PO, by mouth. SOTR,
solid organ transplant recipients (H, heart. K, kidney. L, liver. KP, kidney-pancreas). |G, immune
globulin. NS, not significant.
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5.2 lllustrative timeline of CMV infection post-transplant

Figure 5.1: Schematic diagram illustrating timeline of CMV infection and relapse.
Following transplantation, patients receive primary prophylaxis for 3-6 months depending
on their baseline risk of CMV (determine by donor and recipient serostatus). Despite
this, some develop late-onset disease, which is treated when it occurs. Following
treatment completion, patients can be offered secondary prophylaxis; patients are at risk
of relapse throughout this period.
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5.3 Definitions of relapse used in prior studies

Table 5.2: Definitions of relapse use in prior studies.

Reference Definition
Ljungman et al, 2016 < New CMV infection in a patient with previous evidence of CMV infection,
[50] with virus not detected for an interval of at least 4 weeks of active
surveillance

Sullivan et al, 2015[43] | « CMV disease = presence of CMV viremia or histologic evidence of tissue-
invasive disease AND at least one clinical or laboratory manifestation of
disease including fever, malaise, myalgia, diarrhea, leucopenia, or
thrombcytopenia

* Relapse = the occurrence of CMV disease OR detectable CMV viremia
without signs or symptoms of disease (CMV infection) after the completion

of CMV treatment

Helantera et al, 2014 *  Recurrence not specifically defined

[29] +  CMV infection = evidence of CMV replication (viremia) regardless of
symptoms

« CMV disease = evidence of CMV infuction AND attributable symptoms

¢ CMV syndrome = 21 of fever, malaise, leukopenia <3500,
thrombocytopenia <150, LFT elevation 2x ULN

« Tissue invasive disease = histologically confirmed localized infection in
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biopsy or other specimen and relevant signs/symptoms to organ
dysfunction unlikely to be related to another likely cause

Nafar et al, 2014 [31]

CMV infection (symptomatic or asymptomatic) occurring after 3 months of
transplantation after proven eradication of previous active CMV infection at
the end of treatment (two negative samples separated by =1w)

Eid et al, 2010 [26]

Recurrence of viremia and/or disease during or early (<3m) after induction
antiviral therapy (viremia + disease composite outcome because both
were retreated with induction doses of antiviral therapy)

Shanahan et al, 2009
[70]

CMV viremia (>1000 copies/mL) recurring within 100 days of completing
treatment

Infection = 21 CMV PCR >1000 copies/mL

Disease = CMV viremia and a febrile syndrome without an alternative
explanation OR patients with CMV viremia and clinical or histological
evidence of end-organ involvement

Asberg et al, 2007 [24]
Asberg et al, 2009 [23]
(VICTOR study)

Proven eradication of CMV DNAemia (two consecutive negative viral
loads) by day 49

Positive CMV DNAemia (=600 copies/mL) occurring after the end of
treatment, either at the scheduled (months 3 & 6) visits or upon evidence
of clinical recurrence

Patients with clinical disease defined as absent at day 49 were monitored
for clinical recurrence up to month 12

Any report of clinically active disease according ot the attending physician,
regardless of DNAemia values, was considered clinical recurrence
Intensity of recurrent disease was assessed to be mild, moderate, severe
or life-threatening

Levitsky et al, 2008 [71]

Presence of detectable DNA after initial viral clearance

Franco et al, 2007

Antigenemia recurrence >10 cells/200,000, 14 days after having stopped
therapy during the follow-up period

Ljungman et al, 2002
[46]

New detection of CMV infection in a patient who has had previously
documented infection and who has not had virus detected for an interval of
at least 4 weeks during active surveillance

Humar et al, 2002 [73]

Not clearly defined

Turgeon et al, 2000
[41]

Recurrence diagnosed when second course of IV ganciclovir required to
treat a new symptomatic CMV event or to treat CMV viremia when
increasing titers of antigenemia assay occurred >14d after completion of
IV ganciclovir therapy.

Classified as tissue-invasive disease, symptomatic CMV infection, or
asymptomatic viremia.

Humar et al, 1999 [30]

CMV disease occurring after 30 days of successful treatment of the initial
episode

Falagas et al, 1997 [27]

CMV disease that occurred >14d after the end of a minimum 8-day course
of ganciclovir therapy for the first episode in which clinical resolution had
occurred

Specified as early or late if it occurred within or after 90d after completion
of ganciclovir treatment

Patients who received ganciclovir solely as preemptive treatment (ie.
before any manifestations of CMV disease) were not considered for the
study.

5.4 Database development

Cases were identified by searching electronic medical records for positive test results for

CMV. 854 patients with positive tests were initially identified — 122 with positive viral
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cultures, 127 by histopathology reports, and 741 with viremia. Initial screening of medical
records revealed that only 246 of these were solid organ transplant recipients — 199
were bone marrow transplant recipients, 136 were HIV positive, and 273 were other
miscellaneous non-transplant patients. All 246 patient medical records were individually
reviewed by a panel of experienced transplant ID physicians to determine their eligibility
for inclusion in the study. Following more detailed review, 10 patients were determined
to be ineligible — 6 due to a false positive test, 3 who were transplant with an organ other
than heart, liver or kidney (1 lung, 1 kidney-pancreas, 1 small bowel) and one patient
who did not have a positive test during the initial disease episode. Sixty-six patients met
exclusion criteria — 34 who were not treated with antiviral therapy, 9 with incomplete
medical records, 8 who died prior to treatment completion, 8 whose graft failed prior to
treatment completion, 5 lost to follow-up before 2 weeks following treatment completion,
and 2 patients who did not complete treatment adequately (one who was treated for over

a year, and another who had not cleared viremia before treatment was stopped).

Detailed clinical information then was collected on the 170 included patients, with

covariates shown in Table 5.3.

Table 5.3: Summary of data collection variables.

Category Name Details
Baseline information Year Year of CMV disease

Age Age in years at CMV onset

Sex Male
Female

Race White
Non-white (Black, Asian/Indian, Unknown,
Other)

Organ received Heart
Liver
Kidney (living related, living unrelated and
deceased donor)
Heart-kidney
Liver-kidney

CMV serostatus Donor and recipient, at time of transplant

Prior transplantation Y/N
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Weight

At treatment completion (for dosing)

Immunosuppression

Induction

Any antilymphocyte therapy (anti thymocyte
globulin, OKT3, basaliximab, daclizumab)
VS. none

Maintenance

At treatment completion only, number of

drugs
Primary prophylaxis CMV immune globulin Y/N
Antiviral Drug
Dose
Duration
Rejection Type Cellular, antibody mediated
Date Timing before CMV episode
Treatment Steroids, anti-T-cell agent, anti-B-cell agent

CMV disease episode

Date of onset

Calculate days post-transplant

Site of disease

Asymptomatic

CMV syndrome

Gl (any)

Lung

Disseminated (multiple sites)
Other

Type of end-organ disease

Proven
Probable
Possible
None

Viral load details

Initial value

Peak value

Assay

Duration of viremia

Treatment

Drug

Dose

Duration

CMV immune globulin

Labs

Total WBC
Absolute neutrophil count
Absolute lymphocyte count

At treatment completion

CKD-EPI GFR
Secondary prophylaxis Received? Y/N
Antiviral Drug
Dose
Duration
Relapse Occurred within 1y? Y/N

Date of onset

Calculate days following treatment
completion

Site of disease

Asymptomatic

CMV syndrome

Gl (any)

Lung

Disseminated (multiple sites)
Other

Type of end-organ disease

Proven
Probable
Possible
None

Viral load details

Initial value

Peak value

Assay

Duration of viremia

Treatment

Drug, dose
Duration
CMV immune globulin
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5.5 Propensity score model development

5.5.1 Variable selection

Variables were selected a priori by a committee of infectious diseases physicians with
experience in managing CMV in transplant patients. Factors that might plausibly
influence both use of secondary prophylaxis and risk of relapse (ie. confounders) were
identified based on clinical reasoning rather than formal statistical hypothesis testing.

Only variables occurring up to the time of treatment completion were included.

Table 5.4: Propensity score model variable code names.

Abbreviation Description Entries
CMVage Age in years at CMV onset Numeric
CMVagequad Quadratic of CMV age Numeric
Sex Sex Male, Female
Race?2 Race White, non-white
prevtransplant Previous transplant Yes/no
CMVyear Year of CMV disease Numeric
CMVyearquad Quadratic of CMV year Numeric
transorgan2 Transplanted organ Liver (including liver-kidney),
Heart, Kidney (living unrelated),
Kidney (deceased & living related)
recipCMV Recipient CMV serostatus Positive, negative
thymo1y Anti T-cell therapy within 1 year of Yes/no
treatment completion
ISendrx Number of immunosuppressive drugs Numeric
at treatment completion
steroidrejly Steroid treated rejection within 1 year Yes/no
prior to treatment completion
CMVprovendays Time from transplant to CMV onset Numeric
(days)
CMVprovendaysquad Quadratic of CMVprovendays Numeric
Sitedis2 End-organ disease End-organ, no end-organ
rxdays Treatment duration (days) Numeric
rxdaysquad Quadratic of treatment duration Numeric
VLWBH1 Tested with assay 1 Yes/no
VLWB1peakvalue Peak value (assay 1) Numeric
VLWB1peakvaluequad | Quadratic of VLWB1peakvalue Numeric
VLWB2 Tested with assay 2 Yes/no
VLWB2peakvalue Peak value (assay 2) Numeric
VLWB2peakvaluequad | Quadratic of VLWB2peakvalue Numeric
VLP Tested with assay 3 Yes/no
VLPpeakvalue Peak value (assay 3) Numeric
VLPpeakvaluequad Quandratic of VLPpeakvalue Numeric
rxtype Treatment type PO only, IV & oral, IV only
CMVIGrx CMV immune globulin used as part of Yes/no
initial treatment
CKD.EPICrCI CKD-EPI GFR (mL/min/1.73m?) Numeric
CKD.EPICrClguad Quadratic of CKD.EPICrCI Numeric
dialysis Receiving hemodialysis during CMV Yes/no
treatment
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5.5.2 Model development

One challenge faced during model development was how best to incorporate peak viral
load data. As discussed in the methods section 2.4 above (page 9), 3 different assays
were used at over the study period with different reference ranges, units, performance
characteristics and units of measurement. Several ways of handling this were
considered, including simple categorization into ‘high’ and ‘low’ splitting either at the
midpoint of each assay range or the median of the data, or converting into a
standardized value of some kind. Ultimately the values were used with indicator
variables for the assay type, resulting in 9 viral load variables in the final model in total —
3 indicators, 3 raw values and 3 quadratic transformed values. Given the nature of the
propensity score analysis this was thought to be the best way to handle this data.
Patients who were tested and had undetectable viral loads were encoded as 0, those
with detected <1000 copies/mL encoded as 1, and if above the upper limit of the assay
were encoded as the upper limit plus 1. When the analysis was repeated with the 14
patients who had a peak viral load of <1000 copies/mL re-encoded as 999 the results

remained unchanged.

Several different candidate propensity score models based on these variables were
assessed, including various combinations of interaction terms, log and quadratic
functions of continuous variables, categorizations of continuous variables such as viral
load. Ultimately the model producing the lowest overall standardized mean differences

was selected, although the differences between them were minor.
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5.5.3 Final propensity score model

gim(formula = SP ~ CMVage + CMVagequad + Sex + Race 2 + prevtransplant +
CMVyear + CMVyearquad + transorgan2 + recipCMV + thymoly +
ISendrx + steroidrejly + CMVprovendays + CMVpro vendaysquad +
Sitedis2 + rxdays + rxdaysquad + VLWB1 + VLWB1p eakvalue +
VLWB1peakvaluequad + VLWB2 + VLWB2peakvalue + V LWB2peakvaluequad +
VLP + VLPpeakvalue + VLPpeakvaluequad + rxtype + CMVIGrx +
CKD.EPICrCl + CKD.EPICrClquad + dialysis, famil y = binomial(logit),
data = CMV1)

Deviance Residuals:
Min 1Q Median 3Q  Max
-2.2390 -0.5319 0.3964 0.6559 2.0208

Coefficients:

Estimate Std. Error z valu e Pr(>|z])
(Intercept) -8.696e+04 5.563e+04 -1.56 3 0.1180
CMVage -1.722e-01 9.514e-02 -1.81 0 0.0703.
CMVagequad 1.398e-03 9.809e-04 1.42 6 0.1539
SexMale -1.085e-01 5.405e-01 -0.20 1 0.8410
Race2White 9.485e-01 6.033e-01 1.57 2 0.1159
prevtransplantl -1.668e+00 9.340e-01 -1.78 6 0.0742.
CMVyear 8.646e+01 5.549e+01 1.55 8 0.1192
CMVyearquad -2.149e-02 1.384e-02 -1.55 3 0.1204
transorgan2Kidney-D&LR -5.578e-01 7.210e-01 -0.77 4 0.4391
transorgan2Kidney-LU -5.715e-01 9.729e-01 -0.58 7 0.5569
transorgan2Liver 7.497e-01 6.548e-01 1.14 5 0.2522
recipCMVNegative -3.022e-01 5.618e-01 -0.53 8 0.5907
thymolyl 1.634e+00 6.547e-01 2.49 6 0.0126*
I1Sendrx 5.135e-01 4.463e-01 1.15 0 0.2499
steroidrejlyl -1.229e+00 6.676e-01 -1.84 1 0.0656.
CMVprovendays -1.271e-04 6.546e-04 -0.19 4 0.8461
CMVprovendaysquad 1.628e-08 1.184e-07 0.13 8 0.8906
Sitedis2Endorgan 2.439e-01 5.440e-01 0.44 8 0.6538
rxdays -2.592e-02 2.195e-02 -1.18 1 0.2377
rxdaysquad 8.935e-05 1.375e-04 0.65 0 0.5158
VLWB11 1.331e+00 1.142e+00 1.16 6 0.2438
VLWB1peakvalue 7.981e-04 4.555e-03 0.17 5 0.8609
VLWB1peakvaluequad -4.205e-07 5.900e-06 -0.07 1 0.9432
VLWB21 2.180e+00 1.407e+00 1.54 9 0.1213
VLWB2peakvalue -5.628e-05 5.629e-05 -1.00 0 0.3174
VLWB2peakvaluequad  3.278e-10 3.646e-10 0.89 9 0.3686
VLP1 2.117e-02 1.349e+00 0.01 6 0.9875
VLPpeakvalue 1.444e-05 1.308e-05 1.10 4 0.2694
VLPpeakvaluequad -2.833e-11 2.650e-11 -1.06 9 0.2850
rxtypelV & oral 1.193e+00 5.487e-01 2.17 4 0.0297 *
rxtypeonly IV 2.600e+00 1.036e+00 2.51 1 0.0120*
CMVIGrx1 -3.021e-01 9.412e-01 -0.32 1 0.7483
CKD.EPICrCI 1.698e-02 3.647e-02 0.46 6 0.6415
CKD.EPICrClquad -2.073e-04 2.506e-04 -0.82 7 0.4081
dialysis1 -1.859e+00 1.999e+00 -0.93 0 0.3523
Signif. codes: 0 “*** 0.001 “**' 0.01 *" 0.05 ‘. 0171
(Dispersion parameter for binomial family taken to be 1)

Null deviance: 205.97 on 169 degrees of freed om

Residual deviance: 147.95 on 135 degrees of freed om
AIC: 217.95

Number of Fisher Scoring iterations: 6
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5.5.4 Distribution of propensity scores

There was substantial overlap in the distribution of propensity scores between the

patients who received and did not receive secondary prophylaxis.

Table 5.5: Descriptive statistics of propensity scores in patients receiving and not
receiving secondary prophylaxis.

Overall SP No SP
Minimum 0.005417 0.1298 0.005417
15t quartile 0.560600 0.7168 0.172700
Median 0.803600 0.8535 0.538900
Mean 0.705900 0.7990 0.482400
3 quartile 0.913400 0.9302 0.724800
Maximum 0.995600 0.9956 0.918500

SP, secondary prophylaxis.

Figure 5.2: Boxplot showing the distribution of propensity scores amongst those
patients assigned to secondary prophylaxis versus those not assigned to secondary
prophylaxis.
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5.5.5 Missing data

There were no missing data for any of the variables used in the propensity score model.

5.5.6 Propensity score model diagnostics

A number of diagnostics were performed on the propensity score model:

The C-statistic of the propensity score model was 0.80, indicating a relatively good
ability of this model to discriminate between those who received SP and those who
did not.

The Hosmer-Lemeshow test, which tests whether the actual number of successes
is close to the model’'s predicted number of successes (ie. goodness of fit) p-value is
>0.05 so there is no evidence of a lack of model fit.

Pearson residuals (differences between observed and fitted values divided by an
estimate of the SD of the observed value) and deviance residuals (based on
deviance or likelihood ratio chi-squared statistic), shown in Figure 5.3. While there
are a few patients with Pearson/Deviance residuals >2 or <-2, there are no major
outliers and review of these cases individually revealed there was no errors in the
data. When the propensity score model was rerun excluding the 3 patients with

Pearson residuals <-2.8, results were not significantly altered.
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Figure 5.3: Pearson and deviance residuals from the propensity score model.
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5.6 Inverse probability of treatment weighting

Subjects who received SP were weighted by psp/pi (Where pspis the overall probability of

receiving SP in the sample and pi is the individual’s propensity for receiving SP); patients

who did not receive SP were weighted (1-psp)/(1-pi) [52, 53].

The weights ranged from 0.71-5.4 in those receiving SP and 0.30-3.61 in those not

receiving SP. Given the absence of extreme weights (<0.1 or >10), there was no

evidence of violation of the positivity assumption, so trimming or truncating was not

required.

Table 5.6: Descriptive statistics of inverse probability weights in patients receiving and

not receiving secondary prophylaxis.

Overall SP No SP
Minimum 0.2957 0.7090 0.2957
15t quartile 0.7281 0.7589 0.3556
Median 0.8060 0.8270 0.6379
Mean 0.9518 0.9787 0.8873
3 quartile 1.0260 0.9852 1.0690
Maximum 5.4380 5.4380 3.6070
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5.7 Standardized mean differences

Standardized mean differences (SMDs) were calculated within the ‘tableone’ package in

R (version 0.7.3) based on formulae as outlined by Austin et al [54].

For continuous variables:

d . (erearment — fcontrol)

;)

2
treatment + 8 control

2

§2

x = sample mean of covariate in treated & untreated subjects

s? = sample variance in treated & untreated subjects

For categorical variables:

d ( Ptreatment — pcomm!)

= ’
\/ Prrearmmr(l — Pn‘mmrem‘) =+ Pconrm!(l — Pmmml)
2

p = prevalence or mean of dichotomous variable in treated & untreated subjects

Results are shown in Table 3.2.

5.8 Cox model diagnostics

The proportional hazards assumptions states that the hazard functions are proportional

over time. This was assessed by firstly examining the log[-log(S(t))] plot, where parallel
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lines indicate proportionality. As can be seen in Figure 5.4, the lines are not parallel,

supporting a violation of the proportional hazards assumption.

Figure 5.4: log[-log(S(t))] plot from the Cox proportional hazards model of relapse by
use of secondary prophylaxis (SP) on the weighted sample.

Log(-logS(t)) for SP (weighted)

< -
0=No SP

— 1=SP

20 50 100 200

Schoenfeld residuals assess the difference between the observed covariate values
and the expected value of the risk set at a given time. They are calculated separately for
each covariate, and if there was no violation of the proportional hazards assumption,

they should show no trend over time.

The appearance of the plots for SP in Figure 5.5 shows a clear non-linear relationship

between use of SP and time, also supporting a violation of the proportional hazards

assumption.
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Figure 5.5: Shoenfeld residual plot from the Cox proportional hazards model of relapse
by use of secondary prophylaxis (SP) on the weighted sample.
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To further explore our potential proportional hazards violation, we developed a Cox

model with an interaction term between time and the use of secondary prophylaxis.

One limitation of our dataset was that there was such a wide variability in the duration for
which patients initially assigned to SP actually received it (Figure 5.6 and Table 5.7). The
distribution is shown below. We suspected that the proportional hazards violation may
be attributed to the fact that the protective effect of secondary prophylaxis only persists
while patients actually continue to take the drug. To address this, we explored adding an

interaction with time to the model, to allow the model to output 2 different hazard ratios
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for early/late time periods. In order to do this we first had to choose a cutoff for duration

of secondary prophylaxis at which to split the data.

Figure 5.6: Histogram showing the duration that patients assigned to SP actually

received it for.
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Table 5.7: Cumulative proportion of patients and the duration they received SP.

Cumulative number of patients | Cumulative % | SP Duration (days)
24 20 <29
30 25 <33
40 33 <42
48 40 <45
60 50 <60
72 60 <76
80 66 <84
90 75 <92
96 80 <98

Given that more than one-third of patients initially assigned to secondary prophylaxis

had actually stopped it by 6 weeks, this timepoint was chosen as the split point as it tried
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to minimize the risk of exposure misclassification but still allow sufficient time to pass for

some outcomes to have occurred.

5.9 Sensitivity analyses

Our original plan was to perform a sensitivity analysis by trimming or truncating any
weights that were <0.1 or >10, however given that none fell outside of this range, this

step was not required.

5.10 Competing risk

Competing risks occur when subjects can experience one or more events or outcomes
which ‘compete’ with the outcome of interest. In our case, patients were censored when
they died (n=12), lost their graft (n=1), were lost to follow-up (n=3+4) or restarted SP
(n=1). While these 21 patients had not relapsed prior to these events occurring, it is
possible that if they had not experienced these outcomes, they could have relapsed

later.

Given the complexity of our analysis, the relatively low number of deaths (the main
competing risk with relapse) and the issues with proportional hazards violation/time
interaction, competing risks analysis was considered to be beyond the scope of this

thesis.
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