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Initial mycophenolate dose 
in tacrolimus treated renal 
transplant recipients, a cohort 
study comparing leukopaenia, 
rejection and long‑term graft 
function
Vatsa Dave1, Kevan R. Polkinghorne1,2,3, Khai Gene Leong1,2, John Kanellis1,2 & 
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The evidence supporting an initial mycophenolate mofetil (MMF) dose of 2 g daily in tacrolimus-
treated renal transplant recipients is limited. In a non-contemporaneous single-centre cohort study 
we compared the incidence of leukopaenia, rejection and graft dysfunction in patients initiated on 
MMF 1.5 g and 2 g daily. Baseline characteristics and tacrolimus trough levels were similar by MMF 
group. MMF doses became equivalent between groups by 12-months post-transplant, driven by 
dose reductions in the 2 g group. Leukopaenia occurred in 42.4% of patients by 12-months post-
transplant. MMF 2 g was associated with a 1.80-fold increased risk of leukopaenia compared to 1.5 g. 
Rejection occurred in 44.8% of patients by 12-months post-transplantation. MMF 2 g was associated 
with half the risk of rejection relative to MMF 1.5 g. Over the first 7-years post-transplantation there 
was no difference in renal function between groups. Additionally, the development of leukopaenia 
or rejection did not result in reduced renal function at 7-years post-transplant. Leukopaenia was not 
associated with an increased incidence of serious infections or rejection. This study demonstrates the 
initial MMF dose has implications for the incidence of leukopaenia and rejection. Since neither dose 
produced superior long-term graft function, clinical equipoise remains regarding the optimal initial 
mycophenolate dose in tacrolimus-treated renal transplant recipients.

Abbreviations
AUC​	� Area under the curve
CMV	� Cytomegalovirus
HLA	� Human leukocyte antigen
HR	� Hazard ratio
MMF	� Mycophenolate mofetil
MPA	� Mycophenolic acid
PRA	� Panel reactive antibody
DCD	� Donation after circulatory death

The combination of tacrolimus, MMF and prednisolone is commonly used for de novo renal transplant recipients 
and has been associated with excellent clinical outcomes relative to other regimens1. The recommended starting 
dose of MMF for renal transplantation is 2 g daily. This is based on initial dose finding studies in cyclosporine 
treated patients2,3. It is well established that mycophenolic acid (MPA) exposure is substantially higher with 
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tacrolimus than with cyclosporine, predominantly due to less inhibition of enterohepatic recirculation of MPA 
with tacrolimus4–6. Therefore, it is possible that lower doses of MMF may be sufficient in tacrolimus treated 
patients. However, most but not all studies examining 1 g of MMF daily compared with 2 g daily in tacrolimus 
treated patients, found an increase in the incidence of rejection with the lower dose7–10.

To the best of our knowledge there have been no studies directly comparing the efficacy and adverse effects 
of an intermediate MMF starting dose of 1.5 g daily compared with 2 g daily over the long-term. Given that 
MMF is associated with considerable side-effects including gastrointestinal upset, bone marrow suppression 
and non-specific effects of immunosuppression such as malignancy and infection, limiting drug exposure would 
seem a worthy goal11.

We hypothesised that 1.5 g of MMF daily would have efficacy equivalent to 2 g daily and that the higher 
dose would be associated with more adverse events. We focused on the outcomes of rejection for efficacy and 
leukopaenia for adverse events and additionally examined the impact of these 2 dosing regimens on long-term 
graft function.

Patients and methods
Study design and patients.  The study has a retrospective non-contemporaneous cohort design. Consecu-
tive adult (age ≥ 18 years) kidney transplant and simultaneous pancreas and kidney transplant recipients who 
underwent de novo transplantation at Monash Medical Centre during the period 1st of April 2008 until the 28th 
of February 2011 were included. This period was chosen as it straddled the time-point (October 2009) at which 
our centre changed the initial standard starting dose of MMF used with tacrolimus from 1.5 g daily to 2 g daily 
and allowed similar numbers of patients in each group. Patients commenced on maintenance immunosuppres-
sive regimens other than tacrolimus, MMF and prednisolone were excluded. MMF was administered as 1 g twice 
daily (2 g daily group) or 750 mg twice daily (1.5 g daily group), mycophenolate sodium was used in a minority 
of patients with 720 mg considered equivalent to 1 g of MMF. Tacrolimus was administered orally with a single 
loading dose of 0.1 mg/kg followed by a maintenance dose of 0.075 mg/kg twice daily adjusted on the basis of 
trough levels to target 8–12 ng/mL for months 0–3, 6–10 ng/mL for 3–6 months and thence 4–8 ng/mL. Pred-
nisolone was commenced at 20 mg daily and weaned toward 5 mg maintenance from 3 months post-transplant. 
All patients received basiliximab (20 mg on post-transplant days 0 and 4) induction therapy along with pulse 
methylprednisolone.

As the study did not require participation and all data were collected retrospectively, this study was approved 
as a non-interventional audit, thereby waiving the need individual patient consent, by the Monash Health Human 
Research Ethics Committee (Reference Number: RES-17-0000-641Q). The study was conducted in accordance 
with Australian ethical standards and privacy regulations.

Other medications.  For infection prophylaxis, all patients received sulphamethoxazole/trimethoprim 
(800 mg/160 mg) twice weekly. Patients allergic to this medication received dapsone 100 mg three times weekly. 
All patients received oral valganciclovir, dose-adjusted for eGFR, excepting CMV negative recipients with CMV 
negative donors who received oral valaciclovir adjusted for eGFR. Cellular rejection episodes were treated with 
pulse methyl-prednisolone and increased baseline immunosuppression where necessary. Acute antibody medi-
ated rejection was treated as previously described12,13. Patients received pulse methylprednisolone for 3 days 
along with 4 weeks of plasma exchange (3 sessions weekly). A repeat biopsy was then undertaken with further 
plasma exchange provided for patients with ongoing rejection, followed by high dose intravenous immuno-
globulin (3 g/kg) and rituximab (500 mg single fixed dose) in refractory and chronic cases.

Outcome measures.  The primary outcome measures were the presence of and time to the first acute rejec-
tion episode and leukopaenia episode within the first 12 months post-transplantation and long-term renal func-
tion (eGFR at 7-years). Secondary outcomes included leukopaenia duration, physician response to leukopaenia, 
neutropaenia, CMV viraemia, BK viraemia and hospitalisation due to infection within the first 12 months post-
transplantation. Graft and patient survival were compared to 7 years post-transplant for all patients.

Leukopaenia was defined as a total white blood cell count < 4 × 109 cells/L whilst neutropaenia was defined 
as < 2 × 109 cells/L. All rejection episodes were biopsy proven and scored using Banff criteria. For standard 
immunological risk transplants, surveillance biopsies were performed at months 3 and 12 post-transplant and 
additionally as clinically indicated. For increased immunological risk transplants (ABO incompatible or donor 
specific antibody positive transplants) pre-emptive antibody removal with plasma exchange was undertaken and 
biopsies were performed 7–14 days post-transplant and then as for standard immunological risk transplants.

Statistical analysis.  Comparisons between groups were performed using the student t-test for parametric 
data and the Mann Whitney U-test for non-parametric data. The Chi-square test was used for comparison of 
proportions. Time-to-event comparisons were made using the log-rank test for unadjusted models and Cox pro-
portional hazards for multivariable models, there was no censoring for death as there were no deaths within the 
included patients during the first 12 months post-transplant. Multivariable models included age, sex, rejection 
and leukopaenia as well as clinically relevant parameters which were significantly associated with the outcome 
measure on univariate analysis. The proportional hazards assumption was assessed by graphical and formal 
testing of Schoenfeld residuals. For the time to leukopaenia multivariate model, non-proportional hazards were 
seen in CMV IgG donor positive to recipient negative recipients (p = 0.002, global test p = 0.03) with a change 
in the risk of leukopaenia detected at 4 months post-transplant. Hence this was modelled in a time-dependent 
fashion (formal testing of Schoenfeld residuals p-value > 0.10 individual parameters, global test p = 0.44). For all 
other models the proportional hazards assumption was met both graphically and with formal testing (p-values 
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all > 0.20). Royston–Parmar flexible parametric models were fit to model the smoothed adjusted hazard rate for 
leukopaenia by MMF group14. All analyses comparing estimated glomerular filtration rate (eGFR) and tacroli-
mus drug levels between groups were performed using a mixed linear model. eGFR was calculated using the 
CKD-Epi equation, with additional sensitivity analyses performed using the MDRD 4-variable and the Mayo 
Clinic quadratic equations15–17. Analyses were performed using Stata 15 (StataCorp, College Station, TX, USA).

Results
During the study period, 38 de novo transplant recipients were excluded due to: initiation on cyclosporine 
(n = 32); initiation on an alternative immunosuppressive regimen (n = 2); and not followed up at our unit (n = 4). 
There were 125 patients fitting the inclusion criteria, with 60 initiated on MMF 1.5 g daily (1.5 g group) and 65 
on 2 g daily (2 g group). No patients were lost to follow-up. There were no significant differences between the 
groups in terms of age, sex, transplant type or number, degree of HLA sensitisation or increased immunological 
risk, CMV donor and recipient status or tacrolimus trough levels over the first post-transplant year (Table 1, 
Fig. 1). There was a higher proportion of donation after circulatory death donor (DCD) transplants and a greater 
incidence of delayed graft function in the 2 g daily group which is likely to explain the difference in eGFR at 
1 month (Tables 1, 2). While the 1.5 g group maintained a lower mean MMF dose for the first 9 months post-
transplant, there was a reduction in the mean dose in the 2 g group over time such that there was no significant 
difference between groups by 12 months post-transplant (p = 0.8) (Fig. 2).

Leukopaenia.  Leukopaenia occurred in 42.4% (53 of 125) of the overall study population. Neutropaenia 
occurred in 49 (92.5%) of the leukopaenic patients and was not seen in any non-leukopaenic patient. The neu-
tropaenia was mild (1000–2000 cells/mm3) in 14 patients, moderate (500–1000 cells/mm3) in 17 patients and 
severe (< 500 cells/mm3) in 18 patients. The clinical response to leukopaenia was to withhold or reduce the dose 
of mycophenolate, valganciclovir and sulphamethoxazole/trimethoprim in most patients (69%, 66% and 67% 
respectively). In the remainder, cell counts were observed without a change to medications. Colony stimulating 
factors were not routinely used but were reserved for patients with febrile leukopaenia. The median duration 

Table 1.   Characteristics of patients by MMF group. Values are n (%) or mean ± standard deviation. SPK 
simultaneous pancreas and kidney transplant, CDC complement dependent cytotoxicity, PRA panel 
reactive antibody, CMV cytomegalomvirus, D donor, R recipient, − negative, + positive, ABOi blood group 
incompatible, DSA + ve donor specific antibody positive, DCD donation after circulatory death.

1.5 g (n = 60) 2 g (n = 65) p-value

Age 45.4 ± 10.8 49.1 ± 12.0 0.07

Female 26 (43%) 23 (35%) 0.59

Transplant type 0.31

Live donor 21 (35%) 18 (28%)

Deceased donor 27 (45%) 38 (58%)

SPK 12 (20%) 9 (14%)

Transplant number

1 51 (85%) 54 (83%) 0.70

2 5 (8%) 8 (12%)

3 4 (7%) 3 (5%)

Peak CDC PRA > 20% 10 (17%) 12 (18%) 0.79

ABOi or DSA + ve transplant 13 (21.7%) 18 (27.7%) 0.44

Anti-CMV IgG 0.33

D−/R− 11 (18.3%) 9 (13.8%)

D−/R+ 11 (18.3%) 21 (32.3%)

D+/R+ 23 (38.3%) 23 (35.4%)

D+/R−  15 (25%) 12 (18.5%)

Donor age (years) 45.3 ± 13.7 45.2 ± 16.1 0.48

Donor sex (female) 28 (46.7%) 29 (44.6%) 0.82

DCD donor 0 (0%) 9 (13.9%) 0.003

Cold ischaemic time (h) 7.3 ± 5.6 8.3 ± 5.6 0.85

Delayed graft function 7 (11.7%) 15 (23.1%) 0.09

Tacrolimus levels (ng/mL)

Baseline 15.8 ± 7.5 15.1 ± 7.4 0.65

1 month 10.0 ± 2.8 9.5 ± 2.6 0.32

3 months 7.5 ± 2.0 8.1 ± 2.9 0.22

6 months 6.7 ± 1.9 7.1 ± 2.9 0.29

12 months 6.0 ± 2.0 5.4 ± 1.5 0.09
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of leukopaenia was generally brief (21 days, IQR 13–39 days) while in rare cases it persisted for several months 
(Supplemental Fig. S1).

In the first post-transplant year, leukopaenia occurred more frequently in the MMF 2 g group (32 of 65, 49%) 
compared to the 1.5 g group (21 of 60, 35%). The unadjusted result was of borderline significance on univari-
ate analysis (p = 0.07) (Table 2, Fig. 3). However, after adjustment for recipient age, sex, rejection episodes and 
CMV IgG donor positive to recipient negative, the initial MMF dose of 2 g daily (vs. 1.5 g) was associated with 
an increased risk of leukopaenia (HR 1.80, 95% CI 1.02 to 3.18, p = 0.04) (Table 3). Age, sex and rejection were 
not associated with the development of leukopaenia.

Figure 4 illustrates the smoothed hazard rate of leukopaenia by MMF group for the average study participant 
without rejection. The incidence of leukopaenia peaked between 2- and 4-months post-transplant with the 
incidence higher in patients in the MMF 2 gm group.

In the first 12-months post-transplant CMV viraemia occurred more frequently in patients who developed 
leukopaenia relative to those who did not (11.3% vs 1.4%, p = 0.02). However, in all but one case, leukopaenia was 
detected prior to the development of CMV viraemia so CMV viraemia was not considered causative of leukopae-
nia in the majority of cases. The incidence of BK viraemia was similar in patients with or without leukopaenia 
(15% vs. 22%, p = 0.3). Patients who developed leukopaenia did not require more frequent hospital admissions 
for infection than those who did not (26% vs 25%, p = 0.9). Leukopaenia was not associated with reduced renal 
function over the first 7 post-transplant years (p = 0.15) (Supplemental Fig. S2).

Figure 1.   Tacrolimus levels over the initial 12 months post-transplant by mycophenolate dose group. 
Tacrolimus levels are in ng/mL. MMF mycophenolate, g grams, Tx transplant.

Table 2.   Summary of outcomes by MMF group (univariate analysis). All outcomes are to 12 months post-
transplantation except eGFR. CMV cytomegalovirus, eGFR estimated glomerular filtration rate. *Number 
per group (MMF 1.5 g/2 g)—1 month (60/65), 12 months (60/65), 24 months (60/64), 36 months (59/61), 
48 months (59/61), 60 months (57/60), 72 months (54/59), 84 months (49/58).

1.5 g (n = 60) 2 g (n = 65) p-value

Acute rejection within 12 months 31 (51.7%) 25 (38.5%) 0.14

Leukopaenia within 12 months 21 (35%) 32 (49.2%) 0.06

Admissions for infection 17 (28.3%) 15 (23.1%) 0.50

CMV viraemia 3 (5%) 4 (6.2%) 0.78

BK viraemia 6 (10%) 18 (27.7%) 0.01

eGFR*

1 month 63.9 ± 24.9 54.9 ± 23.2 0.03

12 months 64.0 ± 22.7 61.0 ± 21.6 0.47

2-years 64.0 ± 23.6 63.2 ± 22.6 0.84

3-years 61.3 ± 21.9 62.8 ± 23.3 0.81

4-years 61.1 ± 22.0 60.5 ± 21.1 0.81

5-years 60.8 ± 24.7 61.1 ± 22.7 0.97

6-years 61.9 ± 24.1 62.7 ± 23.7 0.91

7-years 62.7 ± 22.4 61.7 ± 24.0 0.94
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Figure 2.   Mean mycophenolate dose by mycophenolate dose group over the initial 12 months post-transplant. 
MMF mycophenolate, g grams, Tx transplant.

Figure 3.   Kaplan Meier curve for leukopaenia in the initial 12 months post-transplant by mycophenolate 
dose group. A higher proportion of patients in the 2gm daily MMF group developed leukopaenia in the first 
12 months post-transplant. The unadjusted difference was not significantly different by the log-rank test 
(p = 0.07). MMF mycophenolate, g grams, Tx transplant.

Table 3.   Multivariable Cox regression of factors associated with the development of leukopaenia in the 
initial 12 months post-transplant. HR hazard ratio, CI confidence interval, ref reference group, CMV 
cytomegalovirus, R recipient, − negative, D donor, + positive.

HR 95% CI p-value

Age (per 10-year increase) 0.93 0.73–1.18 0.55

Female (vs. male) 0.66 0.37–1.18 0.16

Mycophenolate 2 g (vs. 1.5 g) 1.80 1.02–3.18 0.04

Rejection (vs. no rejection) 1.06 0.60–1.86 0.84

CMV IgG D+ /R− 

0 to 4 months post transplant 0.47 0.17–1.34 0.16

4 to 12 months post transplant 9.60 3.56–25.85  < 0.001
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Rejection.  Any form of rejection (including borderline and subclinical) developed in 44.8% of the over-
all study population within the first 12 months post-transplant. This comprised antibody mediated rejection 
(AMR) (73.7%), cellular rejection (17.5%) and mixed rejection (8.8%). AMR was detected in the first 30 days 
post-transplant in the majority (78.5%) of cases, with 45.2% of these cases occurring in patients undergoing a 
DSA positive or ABO incompatible transplant.

In the first post-transplant year, rejection episodes occurred more frequently in the MMF 1.5 g group (31 of 
60, 51.7%) compared to the 2 g group (25 of 65, 38.5%). The unadjusted result was not statistically significant 
(p = 0.09) (Fig. 5). However, the initial MMF dose of 2 g daily (vs 1.5 g) was significantly associated with half the 
risk of developing rejection (HR 0.48, 95% CI 0.27 to 0.84, p = 0.01) on multivariable analysis after adjustment 
for recipient age, sex, leukopaenia, transplant number and increased immunological risk transplant (DSA posi-
tive or ABO incompatible) (Table 4). Increased immunological risk was associated with a fourfold increased 
risk of rejection (HR 4.08, 95% CI 2.08 to 8.00, p < 0.001). The development of rejection in this cohort was not 
associated with reduced renal function over the first 7 post-transplant years (p = 0.15) (Supplemental Fig. S3).

Renal function, patient and graft survival by MMF group.  Renal function (eGFR) did not differ 
between groups at 7-years post-transplant (p = 0.94) (Table 2, Fig. 6). The presented analyses use the CKD-Epi 

Figure 4.   Leukopaenia rate by mycophenolate mofetil (MMF) dose group over the initial 12 months post-
transplant. Using data derived from the included patients, smoothed curves were generated to illustrate 
leukopaenia hazard rates for the average study participant (47-year-old male without rejection), by MMF group. 
The incidence of leukopaenia is increased in patients taking MMF 2 g (grey lines) relative to 1.5 g (black lines). 
The peak incidence was at approximately 3 months post-transplant.

Figure 5.   Kaplan Meier curve for rejection in the initial 12 months post-transplant by mycophenolate 
(MMF) dose group. A higher proportion of patients in the 1.5 g daily MMF group developed rejection in the 
first 12 months post-transplant. The unadjusted difference was not significantly different by the log-rank test 
(p = 0.09).
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formula. Analyses using the MDRD 4 variable equation and the Mayo Clinic quadratic equation also showed 
equivalent eGFR at 7-years post-transplant. There have been 17 grafts lost and 8 deaths in the first 7 post-
transplant years without a difference between groups (p > 0.17 for both). There were no significant differences in 
the proportion of patients who developed CMV viraemia or required hospitalisation for any infection, by group, 
however there was a higher incidence of BK viraemia in patients in the 2 g group relative to the 1.5 g group 
(27.6% vs. 10%, p = 0.01) (Table 2) but not BK viral associated nephropathy.

Discussion
The key findings of this study are that tacrolimus treated renal transplant recipients receiving 2 g compared to 
1.5 g of MMF had significantly more leukopaenia but less rejection. While these findings are somewhat intuitive, 
this is the first study to compare these MMF regimens in tacrolimus treated patients. We were also interested in 
examining the frequency of these complications in a real-world patient group and to assess the long-term impact 
of the initial MMF dose on renal function. The starting dose of mycophenolate had no effect on renal function 
at 7 years of follow-up. Leukopaenia was an extremely common early complication but was not associated with 
increased graft loss, rejection or poor renal function. Similarly, rejection was common, with MMF 1.5 g daily 
and increased immunological risk transplantation being the major risk factors detected. Rejection did not have 
a detrimental impact on renal function to 7 years follow-up.

MMF was introduced into the anti-rejection armamentarium in the early 1990’s3. The starting dose of 2 g 
daily has been carried forward to tacrolimus-treated patients from studies conducted in cyclosporine-treated 
patients4–6 with the practice cemented by the landmark Symphony study1, however given that MMF exposure is 
substantially higher with tacrolimus than cyclosporine it may be that a lower initial dose of MMF is sufficient. 
This has been examined to some extent by only a limited number of studies18. Those comparing 1 g daily with 2 g 
daily in tacrolimus-treated patients have described reduced rejection rates with the higher dose7–10, however this 
is not a universal finding with the lower dose being equivalent or superior in other studies19,20. Higher MMF doses 
are associated with higher mean area under the concentration–time curve (AUC) exposure which is associated 

Table 4.   Multivariable Cox regression of factors associated with the development of rejection in the 
initial 12 months post-transplant. HR hazard ratio, CI confidence interval, ref reference group, PPRA peak 
complement dependent cytotoxicity panel reactive antibody, ABOi blood group incompatible; DSA + ve donor 
specific antibody positive.

HR 95% CI p-value

Age (per 10-year increase) 1.01 0.78–1.29 0.95

Female (vs. male) 0.52 0.29–0.95 0.03

Mycophenolate 2 g (vs. 1.5 g) 0.48 0.27–0.84 0.01

Leukopaenia (vs. no leukopaenia) 0.82 0.45–1.50 0.51

Transplant number

1 Ref  −   − 

2 1.14 0.50–2.58 0.75

3 1.25 0.43–3.59 0.68

ABOi or DSA + ve transplant 4.08 2.08–8.00  < 0.001

Figure 6.   Renal function (eGFR) over the initial 7 years post-transplant by mycophenolate (MMF) dose group. 
eGFR was stable after the first 12 months post-transplantation and was not different between MMF groups.
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with reduced early rejection21,22. However higher dosing strategies also result in an increased proportion of 
patients above target AUC ranges with possible additional toxicities23,24. Furthermore, while higher doses are 
associated with higher AUCs there is no data confirming that this leads to a benefit in terms of superior patient 
or graft survival or long-term graft function.

Fixed dosing for MMF is common practice and while there has been a move to the use of concentration con-
trolled dosing its utility remains uncertain in tacrolimus treated patients receiving an induction agent and there-
fore cannot be confidently recommended by current evidence18,22,25. AUC measurements are cumbersome, costly, 
invasive and require repetition over time making them unattractive to patients and reducing their application26. 
Regardless of the use of AUC monitoring or not, a starting dose of MMF must still be selected and deriving a 
minimum starting dose of MMF guided by clinically relevant outcomes would be of considerable benefit in order 
to limit adverse events while preserving efficacy.

Although not universally accepted, it appears that 1 g of MMF daily is an insufficient starting dose to limit 
rejection in tacrolimus-treated patients, however evidence concerning the difference in efficacy between 1.5 and 
2 g daily is lacking. Increasing the starting dose to 3 g daily results in no clear additional benefit over 2 g daily 
suggesting a ceiling effect23. Without clarity that this occurs at 2 g, it is possible that the ceiling is even lower. A 
single study examining enteric coated mycophenolate sodium randomised starting doses of 1440 mg vs 1080 mg 
in a Chinese population and demonstrated a reduced mean AUC with the lower dose but no significant differ-
ences in rejection rates or adverse events to 6 months post-transplant19.

Our study demonstrates that the initial doses of MMF of 1.5 g or 2 g results in no difference in graft survival 
or renal function out to 7 years post-transplantation suggesting that these starting doses are equally effective in 
the long-term. However, the initial eGFR was lower in the MMF 2 g daily group due to an increased number of 
DCD recipients in that cohort with delayed graft function. It is possible that this initial disadvantage may have 
masked a benefit of the 2 g daily dose on long-term eGFR and larger studies are needed to examine this endpoint 
further. There were, however significant effects of the initial dose on this studies’ primary endpoints of the devel-
opment of leukopaenia and rejection within the first 12 months post-transplant. The difference in mean MMF 
doses between groups disappeared by 12 months suggesting that the higher dose was not tolerated by many in 
the 2 g daily group as there was no intention of protocolised reduction prior to 12 months. So that even with the 
intention of maintaining 2 g daily until 12 months in this group, most required an earlier reduction in dose. This 
phenomenon has also been described by Miller et al. in a 2 g daily cohort who received a mean of 1.5 g daily by 
6 months due to gastrointestinal side-effects9. In our study an increased incidence of BK viraemia was observed 
in the 2 g daily group which also leads to a mycophenolate dose reduction in our centre.

Leukopaenia was a very common finding in this study and its development was significantly associated with 
the higher MMF dose. Previous studies have reported leukopaenia rates of 18–36% by 12 months with differ-
ences between studies likely to relate to factors such as the use of concomitant medications such as trimetho-
prim/sulphamethoxazole and antiviral prophylaxis8–10,19–21,27,28. The peak onset of leukopaenia was at 3 months 
post-transplant, coinciding with protocolised prednisolone reduction and hence a reduced drive to neutrophil 
margination. In most cases leukopaenia was relatively brief and easily managed by withholding or reducing 
MMF and other marrow suppressive drugs such as antiviral prophylaxis. Despite being associated with CMV 
viraemia, hospitalisation for serious infection was not more common in patients with leukopaenia. Patients 
with leukopaenia did not have a deterioration in their renal function and contrary to some previous reports we 
observed no association between leukopaenia and rejection29,30. This may relate to our reduction rather than 
cessation practice for MMF in the first instance. Therefore, leukopaenia is likely to have led to an increased need 
for blood tests, monitoring, drug dose adjustment and therefore inconvenience and health care expenses but 
not inferior clinical outcomes.

Rejection was also common in our patient group and occurred more frequently in the MMF 1.5 g group. 
The association between initial MMF dose and rejection was substantial and statistically robust, despite adjust-
ment for the immunological risk of the transplant, which provides confidence in the validity of this finding. We 
included in this study, all suitable patients including those at high immunological risk. The use of surveillance 
biopsies in the first 7–14 days for high immunological risk patients and at 3 and 12 months in all patients, along 
with the inclusion of subclinical rejection in the outcome measure is likely to have resulted in a higher inci-
dence of rejection and particularly AMR, than those described in most clinical trials. Additionally, we used an 
interleukin-2 receptor antagonist for induction therapy in our patients. These agents are associated with higher 
rejection rates than those seen with anti-thymocyte immunoglobulin, particularly in higher immunological risk 
transplants31. In general, most cases of rejection were mild and responded to treatment. Consequently, rejection 
was not associated with inferior graft function at 7 years follow-up in this population.

The limitations of this study include the retrospective nature of data collection, the lack of randomisation 
of the MMF starting dose and a smaller than optimal number of included patients which will have limited the 
study’s statistical power. In particular, this study was not powered to detect a difference in graft survival as it 
was a secondary outcome, hence a firm conclusion about MMF dose efficacy on graft survival cannot be drawn.

Conclusions
This study demonstrates that there is clinical equipoise between a starting dose of 1.5 g or 2 g daily of MMF 
when used with tacrolimus. Pharmacokinetic data in this dose range is lacking and may provide useful additional 
information, however larger long-term randomised studies comparing clinical outcomes are the only way to 
determine whether such differences are of significance. Currently we recommend a MMF starting dose of 2 g 
daily for most renal transplant recipients to curb the incidence of rejection. Further examination of the utility of 
early dose reductions guided by AUC measurements or clinical features such as BK viraemia will be undertaken.



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19379  | https://doi.org/10.1038/s41598-020-76379-6

www.nature.com/scientificreports/

Received: 13 May 2020; Accepted: 27 October 2020

References
	 1.	 Ekberg, H. et al. Reduced exposure to calcineurin inhibitors in renal transplantation. N. Engl. J. Med. 357, 2562–2575. https​://doi.

org/10.1056/NEJMo​a0674​11 (2007).
	 2.	 Halloran, P. et al. Mycophenolate mofetil in renal allograft recipients: A pooled efficacy analysis of three randomized, double-blind, 

clinical studies in prevention of rejection. The International mycophenolate mofetil renal transplant study groups. Transplantation 
63, 39–47 (1997).

	 3.	 Sollinger, H. W., Deierhoi, M. H., Belzer, F. O., Diethelm, A. G. & Kauffman, R. S. RS-61443—A phase I clinical trial and pilot 
rescue study. Transplantation 53, 428–432 (1992).

	 4.	 Filler, G., Zimmering, M. & Mai, I. Pharmacokinetics of mycophenolate mofetil are influenced by concomitant immunosuppres-
sion. Pediatr. Nephrol. 14, 100–104 (2000).

	 5.	 van Gelder, T., Klupp, J., Barten, M. J., Christians, U. & Morris, R. E. Comparison of the effects of tacrolimus and cyclosporine on 
the pharmacokinetics of mycophenolic acid. Ther. Drug Monit. 23, 119–128 (2001).

	 6.	 Zucker, K. et al. Unexpected augmentation of mycophenolic acid pharmacokinetics in renal transplant patients receiving tacrolimus 
and mycophenolate mofetil in combination therapy, and analogous in vitro findings. Transplant. Immunol. 5, 225–232 (1997).

	 7.	 Kocak, H. et al. Tacrolimus plus low-dose mycophenolate mofetil in renal transplant recipients: Better 2-year graft and patient 
survival than with a higher mycophenolate mofetil dose. Transplant. Proc. 37, 3009–3011. https​://doi.org/10.1016/j.trans​proce​
ed.2005.07.033 (2005).

	 8.	 Kuypers, D. R. et al. Long-term changes in mycophenolic acid exposure in combination with tacrolimus and corticosteroids are 
dose dependent and not reflected by trough plasma concentration: A prospective study in 100 de novo renal allograft recipients. 
J. Clin. Pharmacol. 43, 866–880 (2003).

	 9.	 Miller, J., Mendez, R., Pirsch, J. D. & Jensik, S. C. Safety and efficacy of tacrolimus in combination with mycophenolate mofetil 
(MMF) in cadaveric renal transplant recipients. FK506/MMF dose-ranging kidney transplant study group. Transplantation 69, 
875–880 (2000).

	10.	 Squifflet, J. P. et al. Dose optimization of mycophenolate mofetil when administered with a low dose of tacrolimus in cadaveric 
renal transplant recipients. Transplantation 72, 63–69 (2001).

	11.	 Staatz, C. E. & Tett, S. E. Pharmacology and toxicology of mycophenolate in organ transplant recipients: An update. Arch. Toxicol. 
88, 1351–1389. https​://doi.org/10.1007/s0020​4-014-1247-1 (2014).

	12.	 Mulley, W. R. et al. Long-term graft survival in patients with chronic antibody-mediated rejection with persistent peritubular 
capillaritis treated with intravenous immunoglobulin and rituximab. Clin. Transplant. https​://doi.org/10.1111/ctr.13037​ (2017).

	13.	 Mulley, W. R. et al. A single low-fixed dose of rituximab to salvage renal transplants from refractory antibody-mediated rejection. 
Transplantation 87, 286–289. https​://doi.org/10.1097/TP.0b013​e3181​9389c​c (2009).

	14.	 Royston, P. & Lambert, P. C. Flexible Parametric Survival Analysis Using Stata: Beyond the Cox Model (Stata Press, College Station, 
2011).

	15.	 Levey, A. S. et al. A more accurate method to estimate glomerular filtration rate from serum creatinine: A new prediction equation. 
Modification of diet in renal disease study group. Ann. Intern. Med. 130, 461–470. https​://doi.org/10.7326/0003-4819-130-6-19990​
3160-00002​ (1999).

	16.	 Levey, A. S. et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 150, 604–612. https​://doi.
org/10.7326/0003-4819-150-9-20090​5050-00006​ (2009).

	17.	 Rule, A. D. et al. Using serum creatinine to estimate glomerular filtration rate: Accuracy in good health and in chronic kidney 
disease. Ann. Intern. Med. 141, 929–937. https​://doi.org/10.7326/0003-4819-141-12-20041​2210-00009​ (2004).

	18.	 Metz, D. K. et al. Optimizing mycophenolic acid exposure in kidney transplant recipients: Time for target concentration interven-
tion. Transplantation 103, 2012–2030. https​://doi.org/10.1097/TP.00000​00000​00276​2 (2019).

	19.	 Ding, C. et al. Which is more suitable for kidney transplantation at the early post-transplantation phase in China—Low dosing or 
standard dosing of enteric-coated mycophenolate sodium?. Int. J. Clin. Pract. Suppl. https​://doi.org/10.1111/ijcp.12401​ (2014).

	20.	 Doria, C. et al. Association of mycophenolic acid dose with efficacy and safety events in kidney transplant patients receiving 
tacrolimus: An analysis of the mycophenolic acid observational renal transplant registry. Clin. Transplant. 26, E602-611. https​://
doi.org/10.1111/ctr.12035​ (2012).

	21.	 Gaston, R. S. et al. Fixed- or controlled-dose mycophenolate mofetil with standard- or reduced-dose calcineurin inhibitors: The 
Opticept trial. Am. J. Transplant. 9, 1607–1619. https​://doi.org/10.1111/j.1600-6143.2009.02668​.x (2009).

	22.	 van Gelder, T. et al. Comparing mycophenolate mofetil regimens for de novo renal transplant recipients: The fixed-dose concen-
tration-controlled trial. Transplantation 86, 1043–1051. https​://doi.org/10.1097/TP.0b013​e3181​86f98​a (2008).

	23.	 Gourishankar, S. et al. The CLEAR study: A 5-day, 3-g loading dose of mycophenolate mofetil versus standard 2-g dosing in renal 
transplantation. Clin J. Am. Soc. Nephrol. 5, 1282–1289. https​://doi.org/10.2215/CJN.09091​209 (2010).

	24.	 Kiberd, B. A., Lawen, J. & Daley, C. Limits to intensified mycophenolate mofetil dosing in kidney transplantation. Ther. Drug Monit. 
34, 736–738. https​://doi.org/10.1097/FTD.0b013​e3182​6d7bf​a (2012).

	25.	 Wang, X. et al. Controlled-dose versus fixed-dose mycophenolate mofetil for kidney transplant recipients: A systematic review 
and meta-analysis of randomized controlled trials. Transplantation 96, 361–367. https​://doi.org/10.1097/TP.0b013​e3182​8c6dc​7 
(2013).

	26.	 Kuypers, D. R. et al. Consensus report on therapeutic drug monitoring of mycophenolic acid in solid organ transplantation. Clin. 
J. Am. Soc. Nephrol. 5, 341–358. https​://doi.org/10.2215/CJN.07111​009 (2010).

	27.	 Becker-Cohen, R. et al. Severe neutropenia in children after renal transplantation: Incidence, course, and treatment with granu-
locyte colony-stimulating factor. Pediatr. Nephrol. 30, 2029–2036. https​://doi.org/10.1007/s0046​7-015-3113-7 (2015).

	28.	 Hartmann, E. L. et al. Management of leukopenia in kidney and pancreas transplant recipients. Clin. Transplant. 22, 822–828. 
https​://doi.org/10.1111/j.1399-0012.2008.00893​.x (2008).

	29.	 Knoll, G. A., MacDonald, I., Khan, A. & Van Walraven, C. Mycophenolate mofetil dose reduction and the risk of acute rejection 
after renal transplantation. J. Am. Soc. Nephrol. 14, 2381–2386 (2003).

	30.	 Zafrani, L. et al. Incidence, risk factors and clinical consequences of neutropenia following kidney transplantation: A retrospective 
study. Am. J. Transplant. 9, 1816–1825. https​://doi.org/10.1111/j.1600-6143.2009.02699​.x (2009).

	31.	 Brennan, D. C. et al. Rabbit antithymocyte globulin versus basiliximab in renal transplantation. N. Engl. J. Med. 355, 1967–1977. 
https​://doi.org/10.1056/NEJMo​a0600​68 (2006).

Author contributions
V.D.—Participated in: research design; writing of the paper and performance of the research. K.R.P.—Partici-
pated in: research design; writing of the paper and performance of the research. K.G.L.—Participated in: writing 
of the paper and performance of the research. J.K.—Participated in: research design and writing of the paper. 
W.R.M.—Participated in: research design; writing of the paper and performance of the research.

https://doi.org/10.1056/NEJMoa067411
https://doi.org/10.1056/NEJMoa067411
https://doi.org/10.1016/j.transproceed.2005.07.033
https://doi.org/10.1016/j.transproceed.2005.07.033
https://doi.org/10.1007/s00204-014-1247-1
https://doi.org/10.1111/ctr.13037
https://doi.org/10.1097/TP.0b013e31819389cc
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-141-12-200412210-00009
https://doi.org/10.1097/TP.0000000000002762
https://doi.org/10.1111/ijcp.12401
https://doi.org/10.1111/ctr.12035
https://doi.org/10.1111/ctr.12035
https://doi.org/10.1111/j.1600-6143.2009.02668.x
https://doi.org/10.1097/TP.0b013e318186f98a
https://doi.org/10.2215/CJN.09091209
https://doi.org/10.1097/FTD.0b013e31826d7bfa
https://doi.org/10.1097/TP.0b013e31828c6dc7
https://doi.org/10.2215/CJN.07111009
https://doi.org/10.1007/s00467-015-3113-7
https://doi.org/10.1111/j.1399-0012.2008.00893.x
https://doi.org/10.1111/j.1600-6143.2009.02699.x
https://doi.org/10.1056/NEJMoa060068


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19379  | https://doi.org/10.1038/s41598-020-76379-6

www.nature.com/scientificreports/

Funding
No funding was received for this study.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-76379​-6.

Correspondence and requests for materials should be addressed to W.R.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-76379-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Initial mycophenolate dose in tacrolimus treated renal transplant recipients, a cohort study comparing leukopaenia, rejection and long-term graft function
	Patients and methods
	Study design and patients. 
	Other medications. 
	Outcome measures. 
	Statistical analysis. 

	Results
	Leukopaenia. 
	Rejection. 
	Renal function, patient and graft survival by MMF group. 

	Discussion
	Conclusions
	References


