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Cancer is the leading cause of death after liver transplantation (LT). This multicenter 
case–control nested study aimed to evaluate the effect of maintenance immunosuppres-
sion on post-LT malignancy. The eligible cohort included 2495 LT patients who received 
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1  |  INTRODUC TION

Long-term survival after liver transplantation (LT) has remained stag-
nant over the last decades despite the advances in surgical technique 
and perioperative care.1 Posttransplant malignancy, either de novo 
or recurred, is the leading cause of mortality after LT and accounts 
for 41% of premature deaths in this population.2 Indeed, the risk of 
cancer is two- to threefold higher in LT patients compared to age- and 
gender-matched general population.3–6 After LT, de novo tumors may 
be also biologically more aggressive and they are associated with a 
shorter survival than that observed in the general population.3

There is a growing evidence suggesting a potential link between 
chronic exposure to immunosuppressive drugs and oncogenesis. First, 
the evasion of the immune system is one of the critical hallmarks of 
cancer.7 The activation of the immune system is paramount to detect 
and destroy nascent tumors, a mechanism known as immune surveil-
lance. Second, the tumors with the highest standardized incidence ratio 
among LT patients are those associated with viral infections (Kaposi sar-
coma, nasopharyngeal carcinoma, cervical, and vulvar cancer), located 
in exposed areas (skin cancer), or originated in the immune system it-
self (lymphoproliferative disorders).8 Noteworthy, this particular tumor 
profile is identical between solid organ transplant and patients infected 
with the human immunodeficiency virus,9 being both populations char-
acterized by an impairment of T cell–mediated immune response.

Despite these evidences, there is uncertainty regarding the po-
tential pro-oncogenic effect of a particular immunosuppressive drug, 
or regarding the dose threshold beyond which the risk of cancer in-
creases, or concerning the theoretical synergistic effect when com-
binations of several immunosuppressive drugs are used. Therefore, 
tailoring immunosuppression protocols to prevent cancer after LT is 
particularly challenging. The present study aimed to determine the 

risk factors of cancer after LT with a special focus on the impact of 
chronic exposure to immunosuppressive drugs.

2  |  MATERIAL S AND METHODS

This is a multicenter case–control nested study with a quasi-cohort ap-
proach involving 16 LT institutions in Spain, which accounts for 67% 
of the Spanish LT activity, and with a reference population of approxi-
mately 31 million people. The quasi-cohort design was opted due to its 
efficiency to control bias in pharmacoepidemiology where risk expo-
sures and outcomes are time dependent.10 The study complies with the 
principles contained in the Declaration of Helsinki and the European 
Union regulation 2016/679, and it was approved by the research ethics 
committee of Córdoba, Spain (code OBS-IMCA_2018, ref. 4093).

2.1  |  Study population

A consecutive cohort of patients who underwent LT from January 
2010 to December 2015 and received tacrolimus-based immunosup-
pression at 16 transplant institutions composed the eligible cohort. 
Exclusion criteria were as follows: age <18 years old, re-transplantation, 
combined organ transplantation, donor with incidental malignancy, 
human immunodeficiency virus infection, and death within the first 
year after LT. Patients were followed until December, 2019. Patients 
developing malignancy after LT, either de novo or recurred, were iden-
tified in the eligible cohort and formed the group of cases. Controls 
were selected among patients who, after an identical follow-up period 
as cases, had not developed malignancy. The quasi-cohort approach 
ensured that person-years were comparable between the groups of 
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tacrolimus-based immunosuppression. After 13 922 person/years follow-up, 425 patients 
(19.7%) developed malignancy (cases) and were matched with 425 controls by propensity 
score based on age, gender, smoking habit, etiology of liver disease, and hepatocellular 
carcinoma (HCC) before LT. The independent predictors of post-LT malignancy were older 
age (HR = 1.06 [95% CI 1.05–1.07]; p < .001), male sex (HR = 1.50 [95% CI 1.14–1.99]), 
smoking habit (HR = 1.96 [95% CI 1.42–2.66]), and alcoholic liver disease (HR = 1.53 [95% 
CI 1.19–1.97]). In selected cases and controls (n = 850), the immunosuppression protocol 
was similar (p = .51). An increased cumulative exposure to tacrolimus (CET), calculated by 
the area under curve of trough concentrations, was the only immunosuppression-related 
predictor of post-LT malignancy after controlling for clinical features and baseline HCC 
(CET at 3 months p = .001 and CET at 12 months p = .004). This effect was consistent for 
de novo malignancy (after excluding HCC recurrence) and for internal neoplasms (after 
excluding non-melanoma skin cancer). Therefore, tacrolimus minimization, as monitored 
by CET, is the key to modulate immunosuppression in order to prevent cancer after LT.
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cases and controls and allowed for computing hazard ratios (HRs).10 
Cases and controls were matched according to a center-specific pro-
pensity score based on potential clinical risks factors of cancer (age, 
gender, smoking habit, alcoholic liver disease, hepatitis B status, hepa-
titis C status, and hepatocellular carcinoma [HCC] before LT). For each 
case, one control was selected within the same LT center (ratio 1:1) 
according to the nearest neighbor approach. This strategy aimed for 
a homogeneous distribution of potential clinical risk factors of cancer 
other than immunosuppression between cases and controls.

2.2  |  Evaluation of 
immunosuppression and outcomes

The exposure to immunosuppressive drugs within the first 12 months 
after LT was recorded in selected cases and controls. All available de-
terminations of trough concentrations of tacrolimus were retrieved 
for each patient. Cumulative exposure to tacrolimus (CET) was cal-
culated by the area under curve of trough concentrations, which has 
been previously associated with renal impairment after LT.11 Briefly, 
all measurements of trough concentrations of tacrolimus for a certain 
patient were plotted in a time-dependent graph. Each determina-
tion was joined with the next delineating a curve. Finally, the area 
under curve of trough concentrations was calculated by the Wagner–
Nelson equation. An online calculator of CET is available at Web CET 
(imibic.org). Categorization of CET was performed according to previ-
ously defined thresholds11 in aggressive minimization, minimization, 
conventional exposure, and high exposure. Thresholds and approxi-
mate equivalence between target trough concentrations and CET are 
shown in Figure 1. The combination of tacrolimus with other immu-
nosuppressive drugs was recorded, including the length of exposure 
within the first year. All patients received tapering corticosteroids, 
which were withdrawn between the third and the sixth month after 

LT, except for patients with autoimmune liver disease, in whom these 
were kept at the lowest dose tolerated in the long term. The use of 
induction therapy and the indication of boluses of corticosteroids to 
treat rejection episodes were registered.

The main outcome of the study was the development of any 
type of cancer after LT, including recurrence of HCC given its strong 
prognostic impact. Secondary outcomes were de novo malignancy 
(excluding HCC recurrence) and internal neoplasms (excluding non-
melanoma skin cancer). For those patients experiencing more than 
one malignancy, only the first tumor diagnosed was computed. 
Tumor stage at diagnosis, oncologic therapy, and mortality were 
recorded.

2.3  |  Sample size calculation

EPIDAT version 4.2 (Xunta de Galicia, Spain) was used for sample 
size calculation in its function for case–control studies. Considering 
an expected prevalence of high exposure to tacrolimus according to 
CET of 21% of LT patients within the first 12 months,11 the following 
assumptions were made:

1.	 Prevalence of high exposure to tacrolimus in the group of 
cases: 26%.

2.	 Prevalence of high exposure to tacrolimus in the group of con-
trols: 16%.

3.	 Statistical power: 80%.
4.	 Alpha error: 5%.
5.	 Insufficient data for analysis or lost in follow-up: 10%.

Under these premises, the sample size required would be 
n = 572, comprising 286 patients with post-LT malignancy and 286 
matched controls.

F I G U R E  1  Approximate equivalence between different strata of cumulative exposure to tacrolimus and target trough concentrations

 16006143, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ajt.17021 by U

niversidad D
e Sevilla, W

iley O
nline L

ibrary on [05/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://proyectos.imibic.org/cumulative-tacro/
https://proyectos.imibic.org/cumulative-tacro/


1674  |   
AJT

RODRÍGUEZ-PERÁLVAREZ et al.

2.4  |  Statistical analysis

Continuous variables were presented as mean and standard devia-
tion, excepting for those with asymmetrical distribution in which 
median and interquartile range (IQR) were used. Categorical 
variables were displayed as percentages in frequency tables. 
Appropriate hypothesis contrast tests were used according to the 
type of variables involved in the analysis. Kaplan–Meier curves 
and log-rank test were used for survival analysis. Risk factors of 
post-LT malignancy were investigated using univariate and multi-
variate Cox regression in a two-step process. First, a model com-
posed of demographic and clinical features was computed in the 
whole eligible cohort. Variables with a p  <  .40 in the univariate 
analysis entered the initial multivariate model. Non-significant co-
variates were removed in a backward stepwise process. All poten-
tial interactions between covariates were tested and kept in the 
final model if they reached statistical significance. A second model 
evaluating immunosuppression-related variables on post-LT ma-
lignancy was investigated in matched cases and controls (study 
cohort). In this analysis, clinical predictors contained in the pro-
pensity score and immunosuppression-related variables were kept 
in the final model to control for possible residual bias irrespec-
tive of their p value. Clinically meaningful interactions were kept if 
their removal resulted in a modification of the beta coefficient of 
the involved variables >20%. The individual effect of CET in each 
type of post-LT malignancy was evaluated by univariate logistic re-
gression due to the limited incidence of some tumors. All analyses 
were performed by SPSS 27.0 (IBM) and R v3.6.3 (RStudio Inc.). 
Every hypothesis tested was two-tailed and considered significant 
if p < .05.

3  |  RESULTS

3.1  |  Risk factors of cancer in the eligible cohort

The eligible cohort comprised 2495 patients (54.91 ± 9.08 years 
old, 22.5% women). Major etiologies of liver disease were alco-
holic liver disease (52.2%), chronic hepatitis C (35.9%), and chronic 
hepatitis B (6.8%). The indication for LT was HCC in 1023 patients 
(41%). Nine hundred forty-one patients (37.7%) were active smok-
ers at inclusion in the waiting list for LT and 1244 patients (61.1%) 
were past smokers or non-smokers. Data on smoking habit could 
not be reliably obtained in 30 patients (1.2%). After a median 
follow-up of 65  months after LT (IQR 49–87), including 13  922 
person/years, 491 patients (19.7%) developed cancer, yielding 
an incidence rate of 3.5/100 person-years for all type of tumors, 
and 2.6/100 persons-years for de novo malignancy. The incidence 
of cancer remained unchanged over the study period (Figure S1). 
Types of malignancy, in order of frequency, were as follows: HCC 
recurrence (n  =  118; 24%), non-melanoma skin cancer (n  =  79; 
16.1%), lung cancer (n = 67; 13.7%), head and neck tumors (n = 62; 
12.6%), prostate cancer (n  =  26; 5.3%), lymphoproliferative 

disorders (n = 24; 4.9%), urinary tract cancer (n = 22; 4.5%), es-
ophageal/gastric cancer (n = 20; 4.1%), colorectal cancer (n = 17; 
3.5%), pancreatic cancer (n = 10; 2%), breast cancer (n = 5; 1%), 
gynecological cancer (n = 4; 0.8%), Kaposi's sarcoma (n = 4; 0.8%), 
melanoma (n = 4; 0.8%), and sarcomas or metastases of unknown 
origin (n = 29; 5.9%).

The univariate and multivariate Cox regression analyses (Table 1) 
identified the following clinical-independent predictors of posttrans-
plant malignancy after controlling for baseline HCC: age at transplan-
tation (HR = 1.06 [95% CI 1.05–1.07]; p < .001), male sex (HR = 1.50 
[95% CI 1.14–1.99]; p = .004), active smoking habit at waitlist inclusion 
(HR = 1.96 [95% CI 1.45–2.66]; p < .001), and alcoholic liver disease 
(HR = 1.53 [95% CI 1.19–1.97]; p = .001). There was a significant in-
teraction between alcoholic liver disease and hepatitis C, which was 
included in the final model. Age at LT increased the risk of cancer 
and this effect was particularly evident for patients over 50 years old 
(Figure S2). The accumulation of clinical predictors resulted in a pro-
gressive increase of the 5-year cumulative incidence of cancer after LT 
(Figure 2): 0% for patients without risk factors, 12.5% for patients with 
1–2 risk factors, and 22.8% for patients with 3–4 risk factors.

3.2  |  Prognostic impact of cancer in LT patients

The stage of cancer at diagnosis was locally advanced in 22.8% of 
patients and metastatic in 34.8% of patients. Regarding the initial 
cancer therapy, 47% of patients received surgical resection with cura-
tive intention, 10% of patients underwent local ablation or palliative 
surgery, 26.1% of patients received chemotherapy, and 16.9% of pa-
tients were directly transferred for palliative care. Among 454 deaths 
registered in the whole cohort after a 13 922 person/years follow-up, 
198 (43.6%) were attributed to post-LT malignancy. Lethality of can-
cer was 40.3% and the median interval between diagnosis of cancer 
and death was 8.7 months (IQR 3–20.1). Tumor stage at diagnosis and 
first-intention therapy were main determinants of survival (Figure 3). 
Regarding tumor stage at diagnosis, 12-month overall survival rates 
were 92.6% for patients with resectable tumors, 58.3% in patients 
with locally advanced tumors, and 43.5% for patients with metastatic 
disease (p  <  .001). Patients who underwent surgery with curative 
intention had 90.6% overall survival rates at 12 months, which were 
higher than that observed in patients receiving local ablative therapies 
(56.9%), systemic therapy (63.6%) or palliative care (12.5%) (p < .001). 
Median survival according to the type of tumor is shown in Table 2. 
Tumors with the worst prognosis were pancreatic cancer, gynecologi-
cal tumors, melanoma, lung cancer, and HCC recurrence, with median 
overall survival shorter than 10 months.

3.3  |  Immunosuppression-related risk 
factors of cancer

A flowchart depicting the selection of cases and controls 
to study the relationship between immunosuppression and 
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post-LT malignancy is presented in Figure  4. The analysis of 
immunosuppression-related risk factors of cancer comprised 
850 patients (425 pairs of cases and controls). Baseline features 
including immunosuppressive therapy of cases and controls are 
shown in Table 3. Cases and controls were comparable in terms 
of age, gender, smoking habit, etiology of liver disease, and the 
presence of HCC before LT. Indeed, the propensity score was 
identical in both groups (p = .957). The predominant immunosup-
pression protocol in each patient within the first 12 months after 
LT was similar in cases and controls (p = .509): tacrolimus alone in 
32% of cases versus 30.4% of controls, tacrolimus in combination 
with mycophenolate in 56.5% of cases versus 60% of controls, 
and tacrolimus in combination with mTOR inhibitors in 11.5% 
of cases versus 9.6% of controls. None of the patients received 

azathioprine within the first 12  months after LT. Individual im-
munosuppressive drugs and their length of administration were 
also distributed homogeneously in patients with post-LT cancer 
and in matched controls (Table 3). The use of boluses of steroids 
to treat rejection episodes was also identical between groups 
(p = .911). Patients with post-LT malignancy had increased CET as 
compared with matched controls, both within the first 3 months 
(754 ng∙day/ml [IQR 614–920] vs. 695 ng∙day/ml [IQR 580–862]; 
p  =  .002) and within the first 12  months (2820  ng∙day/ml [IQR 
2413–3334] vs. 2699 ng∙day/ml [IQR 2284–3160]; p = .009). High 
exposure to tacrolimus according to CET occurred in 36.3% of 
cases compared to 27.5% of controls at 3 months (p =  .005) and 
in 36.5% of cases compared to 31.3% of controls at 12  months 
(p = .057). The smoothing splines showed that the increased risk 

TA B L E  1  Demographic and clinical predictors of post-liver transplant malignancy in 2495 patients who received tacrolimus-based 
immunosuppression within the first 12 months after liver transplantation

Variables

Univariate analysis
Multivariate analysis
(initial model)

Multivariate analysis
(final model)

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age 1.06 (1.05–1.07) <.001 1.06 (1.04–1.07) <.001 1.06 (1.04–1.07) <.001

Sex (male) 2.06 (1.59–2.68) <.001 1.56 (1.18–2.06) .002 1.50 (1.14–1.99) .004

Active smokinga 1.41 (1.19–1.69) <.001 1.40 (1.16–1.69) <.001 1.96 (1.45–2.66) <.001

Alcoholic liver disease 1.59 (1.32–1.91) <.001 1.24 (0.99–1.54) .055 1.53 (1.19–1.97) .001

Hepatitis C 1.09 (0.90–1.31) .381 1.03 (0.83–1.28) .770

Hepatitis B 0.76 (0.52–1.12) .173 0.82 (0.56–1.23) .343

Hepatocellular carcinoma 2.19 (1.83–2.62) <.001 1.70 (1.40–2.06) <.001 1.69 (1.40–2.04) <.001

Interaction alcoholic liver diseasea hepatitis C 0.60 (0.41–0.87) .008

Note: Univariate and multivariate Cox's regression analysis. Gray shading indicates not applicable.
aSmoking habit was evaluated at inclusion in the waiting list for liver transplantation.

F I G U R E  2  Cumulative incidence of any 
type of cancer after liver transplantation 
in 2465 patients according to the number 
of clinical predictors (age >50 years old, 
male sex, alcoholic liver disease, and 
active smoking at waitlist inclusion). For 
this analysis, 30 patients who did not 
have reliable data of smoking history were 
excluded
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of cancer occurred in patients within the high-exposure strata ac-
cording to CET, and particularly when this parameter was evalu-
ated at 3 months (Figure 5).

In the multivariate Cox regression analysis, an increased CET was 
the only independent predictor of post-LT malignancy after controlling 
for clinical features, baseline HCC, and concomitant immunosuppres-
sive drugs (Table 4). Indeed, the HR of post-LT malignancy for a 20% 
increase of CET within the first 3 months was 1.11 (95% CI 1.05–1.19; 
p = .001). Similarly, the HR of post-LT malignancy for a 20% increase of 
CET within the first 12 months was 1.10 (95% CI 1.03–1.17; p = .004). 

These results were consistent when considering exclusively de novo 
malignancy (CET at 3 months adjusted HR = 1.09 [95% CI 1.01–1.18]; 
p = .020 and CET at 12 months adjusted HR = 1.10 [95% CI 1.02–1.19]; 
p = .016), and internal neoplasms (CET at 3 months adjusted HR = 1.11 
[95% CI 1.04–1.19]; p = .001 and CET at 12 months adjusted HR = 1.09 
[95% CI 1.01–1.21]; p = .017). Noteworthy, the use of mTOR inhibitors 
was associated with increased risk of post-LT malignancy univariately, 
but it lost statistical significance in the multivariate analysis after con-
trolling the interaction between prescription of mTOR inhibitors and 
baseline HCC.

F I G U R E  3  Kaplan–Meier curves showing survival rates in 491 patients with cancer after LT according to the stage of diagnosis (A) and 
initial therapy (B)

Type of malignancy % (n)
Median survival 
(months)

Interquartile 
range (months)

Pancreatic 2% (10) 2.33 0–6.50

Gynecological 0.8% (4) 3.71 0–15.98

Melanoma 0.8% (4) 6.80 0–26.63

Unknown origin/others 5.9% (29) 8.54 0.40–16.69

Lung 13.7% (67) 9 6.97–11.03

HCC recurrence 24% (118) 9.99 6.55–14.43

Esophageal/gastric 4.1% (20) 11.92 6.17–17.69

Colorectal 3.5% (17) 16.20 11.87–20.52

Head and neck 12.6% (62) 19.25 8.79–29.71

Urinary 4.5% (22) 21.29 9.32–33.26

Lymphoproliferative disorders 4.9% (24) 26.05 21.40–30.71

Kaposi's sarcoma 0.8% (4) 28.81 0–98.87

Prostate 5.3% (26) 28.94 23.77–34.11

Breast 1% (5) 36.37 0–86.88

Non-melanoma skin 16.1% (79) 36.40 30–42.80

Abbreviation: HCC, hepatocellular carcinoma

TA B L E  2  Median overall survival after 
diagnosis of cancer according to the type 
of malignancy in 491 liver transplant 
patients
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The effect of CET was evaluated for each type of cancer univari-
ately (Figure S3). An increase of CET by 20% within the first 3 months 
was associated with significantly higher risk of colorectal cancer 
(OR = 2.37 [95% CI 1.20–4.69]; p = .013), lung cancer (OR = 1.31[95% 
CI 1.03–1.65]; p  =  .024), and HCC recurrence (OR  =  1.26 [95% CI 
1.07–1.48]; p = .006). On the other hand, an increase of CET by 20% 
within the first 12 months, was associated with higher risk of skin can-
cer (OR = 1.34 [95% CI 1.03–1.74]; p =  .030) and colorectal cancer 
(OR = 2.06 [95% CI 1.05–4.02]; p = .034). A subgroup analysis of pa-
tients with HCC recurrence is presented in Supplementary Material.

After diagnosis of cancer, tacrolimus dose was reduced by >25% 
in 93 patients (21.9%), either in combination with mycophenolate 
(n = 40, 9.4%) or in combination with mTOR inhibitors (n = 53; 12.5%). 
Tacrolimus was completely withdrawn in 92 patients (21.6%), either 
in combination with mycophenolate (n = 9, 2.1%) or in combination 
with mTOR inhibitors (n = 83, 19.5%). The immunosuppression reg-
imen remained unchanged after the diagnosis of cancer in 56.5% of 
patients. Modifications in the immunosuppression protocol had no 
influence on overall survival, neither in the entire cohort (Log Rank 
p = .347) nor in the HCC recurrence subgroup (Log Rank p = .193).

4  |  DISCUSSION

This multicenter study has shown the increased incidence of can-
cer in patients receiving a LT under current immunosuppression 
protocols, including both de novo malignancy and recurrence of 
HCC, together with its significant prognostic impact. The use of a 
quasi-cohort approach, which minimizes the risk of bias in pharma-
coepidemiology,10 has allowed to demonstrate a dose-dependent 
pro-oncogenic effect of tacrolimus in real clinical practice irrespec-
tive of demographic features and concomitant immunosuppres-
sive drugs. An objective and easy-to-implement parameter, termed 
CET,11 would allow for a more rational use of immunosuppression in 
order to reduce the risk of cancer after LT.

The incidence rates of cancer in LT patients are at least twice 
as high as those observed in age- and gender-matched general 

population.3–6,12 There are some clinical characteristics inherent to 
the LT population which may partially explain these findings. First, 
chronic alcohol consumption is a major driver of chronic liver dis-
ease,13 which in turn is the leading cause of LT worldwide.14,15 
Although patients are required to withdraw alcohol consumption be-
fore LT and they are strongly advised to remain abstinent in the long 
term, heavy alcohol relapse rates after LT are 10%–20%.16 Alcohol 
consumption and smoking habit exert a synergic pro-oncogenic 
effect for many types of cancer17 showing increased standardized 
incidence rates in transplant patients (head and neck tumors, lung 
cancer, gastrointestinal tumors, pancreatic cancer, etc.).8 In the pres-
ent study, active smoking doubled post-LT cancer rates, and history 
of alcoholic liver disease increased this risk by 53%, aligning with pre-
vious observations.6,18–20 Smoking cessation before LT is mandatory 
in some transplant programs and this strategy may have a beneficial 
impact on the risk of malignancy. However, the risk would be still 
higher than in never-smokers, particularly for head and neck tumors, 
gastrointestinal cancer, respiratory tract cancer, female genitalia, and 
urinary tract tumors.19 These types of malignancies showed median 
survival shorter than two years in the present cohort. Therefore, 
cancer screening programs after LT should be tailored to the history 
of alcoholic liver disease and smoking habit, including more frequent 
examinations by the otolaryngologist, gynecologist, urologist, and 
probably using periodical upper gastrointestinal endoscopies.

Evading the immune system, as part of the immunoediting 
process, is one of the hallmarks of cancer.7,21 Nascent tumors 
naturally select less immunogenic cells to proliferate and invade 
other organs and this task could be facilitated by the use of im-
munosuppressive drugs.22 In experimental models, calcineurin 
inhibitors and azathioprine promote oncogenesis by activating dif-
ferent pathways such as TGF-β,23 and by impairing the DNA-repair 
machinery,24 respectively. Conversely, the inhibitors of the mam-
malian target of rapamycin (mTOR) would exert antiproliferative 
properties.25 Therefore, modulating immunosuppression after LT 
could be the only modifiable factor to decrease the risk of post-
transplant malignancy to the levels observed in the non-transplant 
matched population. Unfortunately, most clinical studies failed to 

F I G U R E  4  Flowchart showing the 
study population. The eligible cohort 
was formed by 2495 patients who 
underwent liver transplantation at 16 
liver transplantation institutions in 
Spain and received tacrolimus-based 
immunosuppression within the first 
12 months
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TA B L E  3  Baseline clinical features and immunosuppression therapy within the first 12 months after liver transplantation of patients who 
developed malignancy after liver transplantation (n = 425) and matched controls (n = 425)

Cancer group
(n = 425)

Control group
(n = 425) p

Age 58.09 ± 7.85 58.03 ± 7.17 .904

Sex, women, % (n) 13.6% (58) 14.1% (60) .843

Active smoking habit, % (n) 44.8% (190) 45% (191) .945

Alcoholic cirrhosis, % (n) 63.8% (271) 63.1% (268) .831

Hepatitis C, % (n) 35.3% (150) 33.9% (144) .665

Hepatocellular carcinoma, % (n) 57.6% (245) 55.1% (234) .447

Propensity score 0.47 ± 0.24 0.47 ± 0.24 .957

Combination of immunosuppressive drugsa

Tacrolimus alone 32% (136) 30.4% (129) .509

Tacrolimus + mycophenolate 56.5% (240) 60% (255)

Tacrolimus + mTORi inhibitors 11.5% (49) 9.6% (41)

Conventional tacrolimus

% (n) 44.5% (189) 43.3% (184) .730

Number of months 6.04 ± 4.21 6.50 ± 5.06 .374

Prolonged-release tacrolimus

% (n) 82.8% (352) 81.4% (346) .591

Number of months 10.96 ± 2.23 11.12 ± 1.95 .313

Mycophenolate

% (n) 77.2% (328) 78.4% (333) .680

Number of months 8.28 ± 4.34 8.67 ± 4.26 .242

Everolimus

% (n) 16.5% (70) 12.2% (52) .078

Number of months 7.94 ± 3.65 8.58 ± 3.84 .357

Average trough levels 3.88 ± 1.53 3.99 ± 1.70 .741

Sirolimus

% (n) 1.2% (5) 0.9% (4) 1

Number of months 4 ± 5.05 8.25 ± 4.5 .230

Average trough levels 10.16 ± 5.43 6.70 ± 3.08 .416

Basiliximab 27.5% (117) 28.9% (123) .648

Boluses of corticosteroids 10.4% (44) 10.6% (45) .911

Biopsy proven acute cellular rejection 10.6% (45) 10.1% (43) .831

Moderate-severe rejection (biopsy-proven) 6.1% (26) 4.7% (20) .363

Acute cellular rejection (biopsy-proven or 
treated empirically)

13.9% (59) 15.1% (64) .626

Cumulative exposure to tacrolimus (CET) (ng∙day/ml)

At 3 months 754 (IQR 614–920) 695 (IQR 580–862) .002

At 12 months 2820 (IQR 2413–3334) 2699 (IQR 2284–3160) .009

Exposure to tacrolimus according to CET strata at 3 months

Aggressive minimization 0.9% (4) 3.5% (15) .005

Minimization 18.8% (80) 21.6% (92)

Conventional exposure 44% (187) 47.4% (201)

High exposure 36.3% (154) 27.5% (117)

Exposure to tacrolimus according to CET strata at 12 months

Aggressive minimization 0.2% (1) 1.4% (6) .057

Minimization 16.7% (71) 21.2% (90)

Conventional exposure 46.6% (198) 46.1% (196)

High exposure 36.5% (155) 31.3% (133)

Abbreviations: CET, cumulative exposure to tacrolimus; mTORi, mammalian target of rapamycin inhibitors.
aPredominant immunosuppression protocol within the first 12 months after liver transplantation.
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F I G U R E  5  Smooth splines showing the relationship between cumulative exposure to tacrolimus and risk of cancer after liver 
transplantation in 425 cases and 425 matched controls. The effect of cumulative exposure to tacrolimus at (A) 3 months and (B) 12 months

TA B L E  4  Univariate and multivariate Cox regression analyses showing immunosuppression-related predictors of post-LT malignancy 
in 425 cases and 425 matched controls who received tacrolimus-based immunosuppression within the first 12 months after liver 
transplantation

Variables

Univariate analysis
Multivariate analysis
(including CET at 3 months)

Multivariate analysis
(including CET at 12 months)

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age 1.01 (0.99–1.02) .507 1.01 (0.99–1.02) .496 1.01 (0.99–1.02) .501

Sex (male) 1.14 (0.86–1.50) .357 0.99 (0.73–1.36) .987 1.01 (0.75–1.38) .921

Active smokinga 1.08 (0.89–1.31) .428 1.05 (0.86–1.30) .611 1.06 (0.87–1.31) .552

Alcoholic liver disease 1.01 (0.83–1.23) .933 1.08 (0.85–1.39) .517 1.07 (0.84–1.36) .605

Hepatitis C 1.12 (0.92–1.37) .255 1.04 (0.81–1.33) .747 1.02 (0.80–1.31) .857

Hepatitis B 1.15 (0.75–1.77) .523 1.19 (0.76–1.86) .441 1.21 (0.77–1.89) .410

Hepatocellular carcinoma 1.22 (1.00–1.47) .048 1.07 (0.85–1.35) .557 1.11 (0.88–1.40) .381

Basiliximab induction 1.07 (0.87–1.34) .493 1.20 (0.96–1.52) .115 1.16 (0.92–1.45) .207

Boluses of corticosteroids 0.99 (0.72–1.35) .936 0.86 (0.62–1.19) .374 0.88 (0.64–1.22) .446

Mycophenolate 1.04 (0.83–1.31) .723 1.14 (0.89–1.45) .300 1.12 (0.88–1.43) .349

mTOR inhibitors 1.71 (1.33–2.20) <.001 1.48 (0.88–2.51) .139 1.42 (0.85–2.41) .182

Interaction hepatocellular 
carcinomaa mTOR inhibitors

1.30 (0.71–2.35) .394 1.38 (0.76–2.51) .289

CET at 3 monthsb 1.09 (1.03–1.15) .005 1.11 (1.05–1.19) .001

CET at 12 monthsb 1.06 (0.99–1.13) .062 1.10 (1.03–1.17) .004

Note: Gray shading indicates not applicable.
Abbreviation: CET, cumulative exposure to tacrolimus.
aSmoking habit was evaluated at inclusion in the waiting list for liver transplantation
bRelative risks and confidence intervals computed for a 20% increase in CET.
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identify a particular drug (or combination of drugs) able to pro-
mote the development of cancer. Indeed, studies evaluating the 
relationship between immunosuppression and malignancy need 
to overcome important sources of bias: different combinations of 
immunosuppressive drugs, dosing, and timing; lack of a tool to as-
sess cumulative exposure to each drug; time-dependent and het-
erogeneous outcome (each type of tumor may have individual risk 
factors other than immunosuppression); and potential confound-
ers including demographic features and etiology of liver disease. 
As a result, the optimal immunosuppression protocol to prevent 
cancer after LT is unknown. In the present study, the quasi-cohort 
approach, the propensity score matching and the use of the CET 
tool, which is an objective and reproducible parameter that has 
already demonstrated a correlation with renal impairment,11 have 
allowed to overcome these limitations.

Calcineurin inhibitors are the mainstay of immunosuppression in 
LT.26 The only randomized trial performed hitherto comparing two 
regimes of cyclosporine-based immunosuppression (75–125  ng/
ml vs. 150–250  ng/ml) in 231 kidney transplant recipients found 
increased 5-years cancer rates in the high-dose group (32.2% vs. 
19.8%; p  =  .034).27 Regarding tacrolimus, a retrospective single-
center study showed increased trough concentrations in patients 
who developed malignancy compared with those who did not.20 In 
patients receiving a LT because of HCC, the use of tacrolimus trough 
concentrations higher than 10 ng/ml within the first month after LT 
was associated with tripled tumor recurrence rates.28 Nowadays 
such high doses of tacrolimus are not aimed in routine clinical prac-
tice and it is unclear whether current immunosuppression protocols 
could be further refined to decrease the risk of malignancy. In the 
present study, CET was an independent predictor of post-LT malig-
nancy, including any type of cancer and de novo malignancy. Those 
types of cancer with a more evident relationship with CET were skin 
cancer, colorectal cancer, lung cancer, and HCC recurrence, although 
the reduced number of other types of tumors claim for caution when 
interpreting these results. The most pronounced increase of can-
cer risk was seen in the high exposure strata of CET (equivalent to 
>10 ng/ml within the first month and >8 ng/ml thereafter approxi-
mately (Figure 1)11), and particularly within the first 3 months after LT. 
This high exposure according to CET may occur in up to one third of 
patients receiving tacrolimus-based immunosuppression as demon-
strated in the present study, and in 21.6% of patients according to a 
previous report.11 Monitoring CET within the first 3 months would 
allow to identify these patients in order to implement appropriate 
dose adjustments to decrease CET at 12 months. Although a mod-
erate tacrolimus minimization may be sufficient to reduce the risk of 
posttransplant malignancy, patients with risk factors (older age at 
transplantation, smoking habit, alcoholic liver disease, and baseline 
HCC), should be considered for a more aggressive minimization of 
tacrolimus (CET <580 ng∙day/ml at 3 months and CET<2220 ng∙day/
ml at months) after a careful risk/benefit evaluation.

Concomitant immunosuppression drugs administered in combi-
nation with tacrolimus could modulate the risk of cancer. Antibody 
induction agents could increase the risk of non-Hodgkin lymphoma, 

lung cancer, thyroid cancer and melanoma in kidney transplant re-
cipients.29 Azathioprine increases the risk of skin squamous cell 
carcinoma.30 A potential anticancer effect has been suggested for 
mycophenolate including reduced risk of posttransplant lymphopro-
liferative disorders and prolonged time to any type malignancy.31,32 
Finally, the antiproliferative effect of mTOR inhibitors has been 
proven in experimental models but there are conflicting results 
in clinical practice.33–35 It is of note that both mycophenolate and 
mTOR inhibitors aim to reduce the exposure to tacrolimus in order 
to decrease the risk of adverse events, mainly renal impairment. 
The reduced cancer rates reported in the past for patients receiving 
combination therapies could be equally claimed by the added drug 
or by the reduced exposure to tacrolimus, since the latter factor was 
not controlled in any of the above referred studies. This is the first 
study which has controlled both factors in the analysis and it has 
demonstrated that the true anticancer effect may be explained by 
a reduced exposure to tacrolimus and not by the use of mycophe-
nolate or mTOR inhibitors per se in their usual doses. The use of the 
CET tool in future randomized trials would allow to quantify tacro-
limus exposure in experimental arms aiming at drug minimization or 
withdrawal, thus providing information on whether tacrolimus mini-
mization has been clinically meaningful thorough the study.

Despite a regular follow-up in transplant clinics, tumors are not 
diagnosed at earlier stages in LT patients and most of them have 
a worse prognosis compared to immunocompetent individuals.36 In 
some situations, LT patients may not be eligible for certain therapies 
due to significant comorbidities or interaction with immunosuppres-
sants, but it may well be also that tumors may exhibit a more ag-
gressive biological behavior under immunosuppression. To reduce 
immunosuppression as much as possible after diagnosis of cancer is 
a common practice but its scientific support is restricted to cancers 
related with viral infections such as Kaposi's sarcoma. We failed to 
demonstrate any prognostic benefit of tacrolimus reduction or with-
drawal after diagnosis of malignancy. Future studies are needed to 
provide clinical guidance in this scenario.

The present study has inherent limitations. Some peculiarities of 
our cohort, including geographic distribution and increased preva-
lence of HCC, claim for caution when generalizing results to other 
scenarios. Cancer after LT is a heterogeneous outcome and each 
type of tumor may have particular risk factors, including genetic 
predisposition and environmental expositions, which could not be 
controlled. The association of CET with low incidence malignancies 
could be unreliable due to insufficient statistical power. However, 
the consistent effect of CET in any type of malignancy, in de novo 
tumors and in internal neoplasms, reinforces the clinical utility of 
tacrolimus minimization. Finally, smoking cessation and recidivism 
of alcohol consumption after LT have not been recorded.

In conclusion, the incidence of cancer after LT is high and car-
ries a dismal prognosis. A consensus is needed to delineate cancer 
screening strategies after LT, which should be tailored according 
to patient's age, sex, history of smoking, and alcohol consumption. 
Early minimization of tacrolimus using the CET tool would allow 
to reduce the incidence of cancer in LT patients. Concomitant 
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immunosuppressive drugs such as mycophenolate or mTOR inhibi-
tors may not increase the risk of cancer and could be useful as long 
as they allow for a safer and more effective tacrolimus minimization 
after LT.
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