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Abstract

Mycophenolate mofetil (MMF) is frequently used in hematopoietic cell transplantation (HCT) for
graft-versus-host disease (GVHD) prophylaxis and to facilitate engraftment. We previously
reported that a higher level of mycophenolic acid can be achieved with an MMF dose of 3 g/day
as compared to 2g/day. Here, we retrospectively compared clinical outcomes of reduced intensity
conditioning (RIC) double umbilical cord blood (dUCB) HCT recipients receiving cyclosporine A
with MMF 2g (n=93) vs. 3g (n=175) daily. Multiple regression analysis adjusted for ATG in the
conditioning revealed that MMF 3g/day led to a 49% relative risk reduction in grade 11-1V acute
GVHD rate (RR=0.51, 95%CI 0.36-0.72; p<0.01). However, the higher MMF dose was not
protective for chronic GVHD. Additionally, MMF dose was not an independent predictor of
neutrophil engraftment, treatment-related mortality at 6 months, or 2-year post-transplant disease
relapse, disease-free survival, or overall survival. Higher MMF dose did not increase risk of
infectious complications and infection-related mortality was similar for both MMF doses. Our data
indicate that MMF 3g/day reduces the risk of acute GVHD without affecting other clinical
outcomes and should be used for GVHD prophylaxis after RIC dUCBT.
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INTRODUCTION

Double umbilical cord blood (dUCB) hematopoietic cell transplantation (HCT) in the
myeloablative and reduced intensity conditioning (RIC) settings has extended the use of
UCB grafts to adults and large adolescents who would not have a suitable single-unit UCB
graft.1=3 Although engraftment remains delayed and less complete among UCB recipients
than adult-donor recipients,# it is similar among recipients of single and double UCB
grafts.> 6 However, we found that the risk of grade 11-1V, but not grade 111-IV acute graft-
vs.-host disease (GVHD) is higher among double UCB recipients than single UCB
recipients.” We and others use mycophenolate mofetil (MMF) as part of the immune
suppression regimen in HCT.2: 3. 712 Our group previously demonstrated that a low
unbound mycophenolic acid (MPA) area under the curve (AUC), which is the active
metabolite of MMF, is associated with higher rates of graft failure and grade 11-1V acute
GVHD in RIC UCB, matched sibling, and adult unrelated donor transplantation.13 In
addition, a report of adult unrelated donor HCT using a fludarabine/total body irradiation
(TBI)-based non-myeloablative conditioning regimen suggests superior engraftment with a
higher MPA AUC.® On the basis of these observations, we modified our UCB HCT
protocols and increased the MMF dose from 2 g to 3 g per day. In pharmacokinetic studies,
we showed that MMF 3g/day, administered either as 1.5 g twice daily or 1 g thrice daily,
achieved the unbound 24-hour cumulative MPA target AUC (0.600 pg*h/ml) in over 87% of
patients, in contrast to MMF 2g/day (1 g twice daily) where less than half of patients
achieved the target AUC.13. 14 Here, we report the outcomes associated with use of MMF
3g/day in dUCB HCT.

METHODS

Patients

Eligible patients included adults with hematologic malignancy who received a RIC double
UCB HCT at the University of Minnesota between 2000-2012. Our group previously
reported 110 of these patients.l: 3 All patients were treated in clinical protocols approved by
the Institutional Review Board of the University of Minnesota, and either the patient or
his/her legal guardian provided written informed consent in accordance with the Declaration
of Helsinki prior of proceeding with transplantation.

Immune suppression regimen

All patients received immunosuppressive therapy consisting of MMF and cyclosporine A
(CSA). MMF was administered from days —3 to +30 or 7 days after neutrophil engraftment,
whichever was later, in the absence of acute GVHD. MMF was administered 2 g/day twice
daily (2000-2005) or 3 g/day (2006—2012) in 2 or 3 divided doses. While research-related
MMF/MPA pharmacokinetics data were obtained in a subset of patients, as previously
reported,3 14 MPA AUC was not used to personalize MMF dosing. CSA was administered

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2016 February 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bejanyan et al. Page 3

from day —3 to day +180 with a target trough level between 200 and 400 ng/mL and, in the
absence of GVHD, tapered by day +180.1°

Treatment

UCB graft selection criteria, conditioning regimens, and supportive care have been
previously reported.1=3 In summary, a minimum of 4/6 HLA loci were matched to the
patient; HLA-A and HLA-B were matched at the antigen level, and HLA-DRB1 was
matched at the allele level.2 The two UCB units were HLA-matched to each other at a
minimum of 4/6 HLA loci, but not necessarily at the same loci as the patient. Target
selection for cryopreserved total nucleated cell (TNC) dose for the two UCB units ranged
from 2 to 3.5 x 107 TNC/kg thereafter. The non-myeloablative regimen consisted of
fludarabine 200 mg/m2, CY 50 mg/kg, and a single fraction of TBI 200 cGy.3 Equine
antithymocyte globulin (ATG; 90 mg/kg) was included in the preparative regimen for those
patients who received no immunosuppressive multiagent chemotherapy within the prior 3
months or with no prior autologous transplant; since 2005 if autologous transplant within 12
months of the allograft.l: 3 Anti-infectious prophylaxis included fluoroquinolone for
bacterial infections, either fluconazole or voriconazole for fungal infections, acyclovir for
viral infections, and trimethoprim-sulfamethoxazole or pentamidine for Pneumocystis
jiroveci infection.® Granulocyte—colony stimulating factor (G-CSF; 5 pg/kg/day) was
administered to all patients from day 0 or +1 until absolute neutrophil count (ANC) > 2.5 x
109 /L for 2 consecutive days.1 3

Definitions and endpoints

Data on baseline patient and disease characteristics, transplant-related factors and clinical
outcome measures were prospectively collected and recorded by the University of
Minnesota Blood and Marrow Transplant. Study endpoints included cumulative incidences
of neutrophil engraftment by day +42 (defined as ANC > 0.5 x 109 /L for 3 consecutive
days), non-relapse mortality (NRM) at 6 months, and relapse/progression at 2 years, as well
as the probabilities of disease-free survival (DFS; defined as being alive and with no
evidence of disease relapse/progression) and overall survival (OS). Additional endpoints
included the cumulative incidences of acute GVHD at day +100 and chronic GVHD at +2
years. As our study included patients treated prior to the adoption of the consensus chronic
GVHD criteria, 18 acute GVHD was defined as any signs or symptoms of GVHD occurring
by day +100 according to published criteria.1” Chronic GVHD was defined as any signs or
symptoms of GVHD occurring after day +100. Frequency and density of infections was
studied within specific post-transplant time intervals of days 0 to +45, days +46 to +180, and
days +181 to +365. The day of each infectious episode was calculated from the day of
transplant (day 0). Pathogenic organisms were categorized based on genus into bacterial,
fungal, or viral groups. Neutropenic fever events without identifiable infectious source were
not included. An infectious episode was defined as any infection requiring treatment that
was identified by culture, cytology, histology, antigenemia, or polymerase chain reaction
(PCR). No microbiologic confirmation was required for documentation of dermatomal
varicella-zoster viral (VZV) infectious episode. Human herpesvirus 6 (HHV6) PCR testing
became routinely available at our center in 2006; therefore, cases of HHV6 infection were
not included in this analysis to avoid confounding bias with MMF dosing. Cytology findings
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of unspeciated fungal elements were acceptable for documentation of probable invasive
fungal infections (IF1) if compatible with the clinical scenario. Specific time frames were
used to separate one infectious episode from another: 7 days was required for bacteria
(except 31 days for C. difficile), 90 days for mold (14 days for yeast), and 60 days for CMV
and HSV (14 days for other viruses).18 On the basis of the affected site, infections were
categorized as blood stream, central nervous system (CNS), gastrointestinal (Gl), intra-
abdominal, urinary tract (UTI), upper respiratory tract, lower respiratory tract, skin and soft
tissue, and other infections or viral reactivation. Sex and HLA matching between UCB and
patient was studied considering the worst matched of the two UCB units. Disease risk at the
time of HCT was classified into standard risk or high risk on the basis of the ASBMT
Request for Information (RFI) 2006 risk scoring schema (http://www.asbmt.org). Standard-
risk disease included acute leukemia in first or second complete remission, chronic myeloid
leukemia (CML) in first chronic phase, Hodgkin or non-Hodgkin lymphoma in complete or
partial chemotherapy-sensitive remission, chronic lymphocytic leukemia (CLL) in first
remission; all other disease states were determined to be high risk at the time of
transplantation. Patients were assessed for the HCT comorbidity index (HCT-CI) as
previously reported.19

Statistical Analysis

Statistical comparisons for categorical factors were completed with the chi-square test.
Continuous factors across two MMF doses were compared by the general Wilcoxon test for
non-parametric data. Kaplan-Meier curves were used to estimate the probability of DFS or
OS using Greenwood’s method to calculate the 95% confidence intervals.2? The log-rank
test was used to complete the comparisons. Cox regression was used to examine the
independent effect of MMF dose on DFS and OS through 2 years post-transplant.?! Factors
considered in the regression models included highest mismatch for HLA disparity
considering the worst matched of the two UCB units (4/6 versus 5/6 versus 6/6), age (18-34
versus 35-59 versus 60+), disease risk (standard versus high risk), gender (male versus
female), gender match (female donor to male recipient), Karnofsky performance status at
baseline (60-80% versus 90-100%), HCT-CI (0 versus 1-2 versus =3), recipient CMV
serostatus (positive versus negative). Analysis by MMF dose cohort was tested for any
violations in the proportional hazards assumption. Cumulative incidence treating non-event
deaths as a competing risk was used to estimate the probability of neutrophil engraftment,
relapse, and acute and chronic GVHD. Cumulative incidence treating relapse as a competing
risk was used to estimate NRM.?2 Fine and Gray regression analyses were used to look at
the MMF dose cohort for the endpoints of engraftment, relapse, NRM, and GVHD.23
Backward selection was used to build prognostic factor models for all endpoints considering
a p-value of < 0.10. A p-value of < 0.05 was considered significant for remaining in the
model; however, MMF dose was included in all models regardless of significance. The
adjusted cumulative incidence curves were estimated for acute GVHD based on risk factors
significant in the regression model.24 25 Incorporating multiple infections per patient, the
rates of infections were estimated by the infection density per 1000 patient days. We used
specific post-transplant time intervals (days 0-45, days 46-180 and days 181-365) to study
the effect of MMF dose on frequency of bacterial, fungal, and viral infections. Comparisons
were completed with the Mantel-Haenszel test for person-years data.
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RESULTS

Patient Characteristics

We identified 268 patients with hematologic malignancy who received RIC dUCB HCT at
the University of Minnesota between 2000-2012 (Table 1). Nearly twice as many patients
received MMF 3 g/day (h= 175) than MMF 2 g/day (n= 93). Median age at transplant was
53 years (range, 18-72). As defined in this retrospective study design, the “year of
transplant” variable was associated with MMF dose. Patients receiving MMF 3g/day
received a higher MMF dose per kilogram body weight (mg/kg) and better HLA-matched
grafts, which is consistent with the larger inventory of UCB units in recent years. Otherwise,
the two groups were similar regarding patient and disease characteristics, proportion of
CMV seropositivity, HCT-CI score, use of ATG as part of the preparative regimen, and total
infused CD34* cell dose.

Higher MMF dose reduces the risk of acute GVHD

After adjusting for use of ATG, the cumulative incidence of grade 11-1V acute GVHD by
day +100 was significantly lower in those receiving MMF 3g/day (43% vs. 63%; p<0.01;
Figure 1), and grade I11-1V acute GVHD showed a trend towards being significantly lower
in those receiving 3g/day (14% vs. 23%; p=0.06). Among patients who developed grade I1—-
IV acute GVHD, the proportion of liver involvement was significantly higher in those
receiving MMF 2g/day (12% vs. 34%; p<0.01); however, other specific organ or multi-
organ involvement with acute GVHD was similar for both MMF doses (Figure 2). In
multivariable analysis, after adjusting for ATG use in conditioning regimen, MMF 3g/day
was associated with 49% relative risk reduction in grade 11-1V acute GVHD (RR 0.51, 95%
Cl1 0.36-0.72; p<0.01; Table 2).

Cumulative incidence of chronic GVHD was not significantly different between the MMF
doses (20% vs. 27%, p=0.17; Table 3). In multivariable analysis, after adjusting for gender
and female donor use for male recipient, MMF dose had no significant influence on chronic
GVHD (RR=0.69 for MMF 3g/day, 95% CI 0.41-1.15; p=0.15).

MMF dose does not influence hematopoietic recovery

Cumulative incidences of neutrophil recovery were 93% for MMF 3g/day and 94% for
MMF 2 g/day. Median time to neutrophil engraftment was similar for both MMF doses (14
days 3g/day and 12 days 2g/day; p=0.96; Figure 3). In univariable analysis, age and infused
CD34 dose were the factors associated with neutrophil engraftment by day 42 (Table 3). In
multivariable analysis, MMF dose was not an independent predictor of neutrophil
engraftment (MMF 3g/day, RR = 0.96, 95% CI 0.71-1.28; p=0.76). However, age (=60
years, RR=0.69, 95% CI 0.49-0.96; p=0.03) was associated with poor engraftment while
higher total infused CD34 dose (=3.5x107, RR=1.40, 95% CI 1.03-1.90; p=0.03) was
associated with more frequent engraftment. Cumulative incidences of platelet recovery were
75% for MMF 3g/day and 68% for MMF 2g/day. Median time to platelet recovery was
similar for both MMF doses (48 days MMF 3g/day and 58 days MMF 2g/day; p=0.16).
However, a comorbidity score of >3 was a predictor of poor platelet engraftment (RR=0.67,
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95% CI 0.47-0.94; p=0.02) while higher total infused CD34 dose (=3.5x107, RR=1.81, 95%
Cl 1.29-2.55; p<0.01) was associated with more frequent engraftment.

Higher MMF dose does not increase risk of infectious complications

Overall, there were 402 bacterial infection events. The most commonly isolated bacterial
pathogen was staphylococcus (40%). Other bacterial pathogens isolated less frequently were
enterococcus (21%), Clostridium difficile (15%), mycobacterium (4%), and others (total
20%). Fungal infections were relatively rare (n= 34). Aspergillosis was the most frequent
(38%) fungal infection, followed by candida and other yeasts (29%), zygomycosis (21%),
hyalohyphomycosis (9%), and unspecified IFI (3%). Viral infectious events (n=313)
included CMV (43%), BK virus (13%), EBV (9%), adenovirus (8%), VZV (7%), HSV
(7%), and others (13%).To assess the effect of MMF dosing on risk of infection, we used the
infection density function per 1000 patient days, which takes into account multiple
infections in an individual patient within specific post-transplant time intervals. MMF dose
had no impact on bacterial infections at early (days 0-45; 13.65 vs. 18.40; p=0.05) or late
(days 181-365; 0.74 vs. 1.49; p=0.03) post-transplant time periods. However, MMF 3g/day
was associated with a lower density of bacterial infections (4.63 vs. 9.44; p<0.01) and total
serious infections (all genus types combined, 10.14 vs. 15.63; p<0.01) between post-
transplant days 46-180 (Figure 4). In addition, the infection density rates of both fungal and
viral infections were similar for both MMF doses at all post-transplant time intervals.
Cumulative incidence of infection-related death at 1 year was similar for both MMF doses
(12% for 3g/day vs. 14% for 2g/day; p=0.59).

Higher MMF dose does not influence risk of relapse or survival

Cumulative incidence of NRM at 6 months was similar for both MMF doses (14% for
3g/day vs. 15% for 2g/day; p=0.74). In univariable analysis, high-risk disease resulted in
increased risk of NRM (Table 3). In multivariable analysis, after adjusting for disease risk
and ATG use in conditioning, the higher MMF dose had no impact on NRM (RR=0.93 for
MMF 3g/day, 95% CI 0.48-1.81; p=0.83). Similarly there were no differences in relapse
rates at 2 years by MMF dose (43% for 3g/day vs. 40% for 2g/day; p=0.78). In univariable
analysis, ATG use in conditioning was associated with a decreased rate of relapse. In
multivariable analysis, after adjusting for use of ATG in the conditioning regimen, there was
no association between MMF dose and relapse (RR=1.14 for MMF 3g/day, 95% CI 0.77-
1.69; p=0.52). The probability of DFS at 2 years was 37% for 3g/day versus 40% for 2g/day
(p=0.88). In univariate analysis, low (<3.5x107/kg) CD34 cell dose was the only factor
associated with inferior DFS. In Cox regression analysis, low CD34 cell dose remained
predictive for treatment failure, but MMF 3g/day dose had no impact on it (RR=1.05, 95%
Cl1 0.77-1.43; p=0.74). Survival of all patients at 2 years post-transplant was 61% for MMF
3g/day and 62% for MMF 2g/day (p=0.85). In univariable analysis, better survival was
observed only among patients receiving total >3.5x107/kg CD34 cell dose. In Cox
regression analysis, survival was not significantly influenced by total infused CD34 cell
dose or MMF dose (RR=1.03 for 3gMMF, 95% CI 0.72-1.47; p=0.87). Primary causes of
death at 2 years were similar for 3g and 2g MMF doses, with the predominant causes of
mortality being malignancy relapse (65% vs. 60%), followed by infection (16% vs. 15%),
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organ toxicity or failure (6% vs. 8%), bleeding (1% vs. 4%), graft failure (1% vs. 0%), and
other causes (11% vs. 13%).

DISCUSSION

We compared the clinical outcomes of patients with hematological malignancies undergoing
RIC dUCB HCT who received an immunosuppressive regimen that included either MMF
3g/day or MMF 2g/day in combination with CSA. MMF dose had no significant effect on
hematopoietic recovery, risk of infectious complications, relapse, or mortality, but the higher
dose of MMF resulted in a significantly lower incidence of grade 11-1V acute GVHD. In
addition, we observed a non-statistically significant lower incidence of grade I11-1V acute
GVHD with higher dose of MMF; however, given the overall low incidence of grade 111-1V
acute GVHD in UCB transplantation, a larger patient cohort will be required to better study
this association. This finding extends our previous reports showing that MMF 3g/day not
only increases the proportion of patients achieving therapeutic MPA target AUC, but also
lowers the risk of acute GVHD when adequate MPA AUC is achieved.13 14 This
observation was recently reproduced by others as well.12: 26 The Seattle group previously
reported that administration of higher dose MMF had no effect on the risk of GVHD;10
however, this group recently reported that higher therapeutic MPA AUC protected recipients
of adult unrelated donor RIC transplantation from acute GVHD.12 While MPA AUC testing
is clinically available, we used uniform dosing and did not guide MMF dosing by MPA
AUC. In a smaller number of patients, Harnicar et al. presented data showing a correlation
between higher MPA levels and lower risk of acute GVHD in dUCB HCT with MMF and
CSA based immunosuppression.26 Notably, in our series the reduction in acute GVHD was
limited to grade Il and liver involvement, with no effect on severe acute or chronic GVHD.
The data from our group and others demonstrate that a higher dose MMF results in better
exposure to MPA and reduces acute GVHD, and importantly does not compromise
engraftment, infection risks, or the anti-neoplastic effects of the HCT. Despite the use of
MMF after haploidentical donor transplantation,2’: 28 we recommend caution in
extrapolating our MMF data as its effect has not been yet studied in this setting.

As our study included patients treated prior to the adoption of the consensus criteria, 16 we
used clinical criteria to differentiate acute GVHD from chronic GVHD.1” While there could
have been some additional earlier cases of late onset acute and overlap presentations of
chronic GVHD recognized in the 2g MMF cohort, the robust 18% absolute and 42% relative
risk reduction in the risk of GVHD would be unlikely to significantly change our
conclusions. Immunosuppressive therapy in our study consisted of MMF and CSA,;
therefore, the proposed MMF 3g/day dose examined in this study cannot be generalized to
MMF when used in combination with tacrolimus because of underlying pharmacokinetic
differences.2

In our study, patients receiving MMF 3g/day received better matched UCB grafts, possibly
reflecting a larger inventory of UCB and our ability to find better matched grafts for our
patients in recent years. However, previous reports by our group and others failed to
demonstrate a significant impact of HLA matching on GVHD rates after UCB HCT.”:30 In
contrast, one recent study reported a reduction in the risk of severe GVHD after dUCB HCT
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for patients with better allele-level HLA-matching of the predominant UCB unit.3!
However, in our sample, the effect of allele-level typing on the outcomes of dUCB HCT did
not confirm this association.32 Thus, in the complex microenvironment after dUCB HCT,
the effect of HLA-matching on the risk of acute GVHD remains uncertain.

Our findings that a higher dose of MMF did not affect hematopoietic engraftment or
infections provide clinically useful information. While MMF can cause leukopenia and,
therefore, could potentially have adverse impact on hematopoietic recovery, neutrophil
engraftment was not impaired by higher MMF dose as originally reported by our group’3
and others.% 10 The data from Maris et al. showed an improvement on sustained engraftment
from 85% in their historical control (MMF 15mg/kg twice daily) to 95% with a higher MMF
dose (MMF 15mg/kg thrice daily).10 The engraftment rate in our historical controls was
93% in contrast to 90% with the higher 3g/day dose of MMF. Thus, even if engraftment
were enhanced by a higher MMF dose, which it was not, it would take a substantially larger
sample size to demonstrate a statistically significant improvement from this higher baseline
success rate. In addition, we observed no adverse effect of MMF 3g/day on risk of infections
or infection-related death post-HCT. In contrast, Maris et al. found a higher risk of
infections early post-HCT in patients receiving a higher MMF dose.10 Improvements in
supportive care, infectious prophylaxis, and treatment may explain, at least in part, the
similar infection risk between the two MMF dose levels.

Despite the lower rate of acute GVHD in patients receiving MMF 3g/day, we observed no
differences in NRM between the MMF dose levels. This was not unexpected because the
effect was largely limited to the risk of grade Il GVHD, and not grades I11-1V acute GVHD.
In a previous study, grade I11-1V acute GVHD has been associated with higher treatment
failure after UCB HCT.3 Data from McDermott et al. suggests that identification of patients
with inadequate MPA levels and adjusting the dose would also reduce the risk of severe
GVHD and NRM.12 While we do not have specific data on, for example, gastrointestinal
side effects associated with a higher MMF dose, myelosuppression as measured by time to
engraftment was a possible surrogate measure that was not adversely affected by MMF 3g/
day.

Similarly, a higher MMF dose did not affect disease relapse after HCT. While the no ATG
group had a higher incidence of malignancy relapse after transplantation, this association
was expected with omission of ATG in high-risk disease cases per study protocol. Higher
infused total CD34+ dose was associated with improved neutrophil and platelet engraftment
and lower risk of treatment failure. However, a higher MMF dose was not associated with
treatment failure or mortality after HCT.

In conclusion, our study supports the use of MMF 3g/day in the context of RIC dUCB
transplantation. Although pharmacokinetic monitoring of MPA might be useful for
individualized MMF dosing, given that MMF 3g was well tolerated, the cost-benefit of such
intervention needs to be carefully considered. However, if we were to pursue MMF doses in
the higher end of the spectrum of our study (=40 mg/kg), we would need to closely monitor
pharmacokinetics and adverse effects, and such a study should only be undertaken in the
context of a clinical trial.
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