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Abstract
We performed a meta-analysis to determine cancer risks at multiple sites and their 
associations with tumor mutation burden (TMB), an index for immunogenicity, 
in heart or lung transplant recipients. A comprehensive search of PubMed, Web 
of Science, EMBASE, and Medline was conducted. Random effects models were 
used to calculate standardized incidence ratios (SIRs) versus the general population 
and to determine the risks of different cancers. Weighted linear regression (WLR) 
was used to analyze the associations between the SIRs and TMBs. (PROSPERO 
CRD42020159599). Data from 21 studies including 116,438 transplant recipients 
(51,173 heart transplant recipients and 65,265 lung transplant recipients) with a total 
follow-up of 601,330.7 person-years were analyzed. Compared with the general 
population, heart transplant recipients displayed a 3.13-fold higher cancer risk [SIR: 
3.13; 95% confidence interval (CI): 2.38–4.13; p < 0.001]; lung transplant recipients 
displayed a 4.28-fold higher cancer risk [SIR: 4.28; 95% CI: 3.18–5.77; p < 0.001]. 
The correlation coefficients were 0.54 (p  =  0.049) and 0.79 (p  <  0.001) in heart 
and lung transplant recipients, respectively, indicating that 29% and 63% of the dif-
ferences in the SIRs for cancer types might be explained by the TMBs. Our study 
demonstrated that both heart and lung transplant recipients displayed a higher risk of 
certain site-specific cancers. These findings can provide individualized guidance for 
clinicians for detection of cancer among heart or lung transplantation recipients. In 
addition, we provided evidence that increased risks of post-transplant cancers can be 
attributed to immunosuppression.
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1 |  INTRODUCTION

Heart or lung transplantation is recognized as the best 
treatment option to improve the quality of life and survival 
of patients with some end-stage cardiac or pulmonary dis-
eases, such as heart failure, chronic obstructive pulmonary 
disease, and idiopathic pulmonary fibrosis. According to the 
International Society for Heart and Lung Transplantation 
(ISHLT),1 heart transplant recipients have a median survival 
of more than 12 years and lung transplant recipients who sur-
vived past the first year after primary transplant, have a me-
dian survival of 8.7 years.

Nevertheless, compared with the general population, heart 
or lung transplant recipients are at higher risk for cancers. In 
accordance with the ISHLT, 16% of all 5-year-survivors and 
28% of 10-year-survivors were diagnosed with at least one 
post-heart transplantation cancer and 17.3% of the post-lung 
transplantation recipients died from malignancies 5–10 years 
after transplantation.1–3 Compared with the general popula-
tion, the cancer risk of liver or kidney transplant recipients 
has increased by 2 to 4 times, and the cancer risk of thoracic 
organs is even higher.4–8 Though exerting great efficacy in 
the extension of survival in solid organ transplantations, im-
munosuppression is considered to be an important induce-
ment of tumors after organ transplantation.9–15

Tumor mutation burden (TMB) is defined as the total 
number of somatic gene coding errors, base substitution, 
gene insertion or deletion errors detected in every million 
bases.16 The diversity of TMB and cancer types reflect the 
different immunogenicity, which is intimately related to the 
ability of the immune system to recognize tumors. As a re-
sult, this may be related to the risks of multiple sites of heart 
or lung transplant recipients.

Herein, we performed a large-scale examination of pro-
spective cohort studies and conducted a meta-analysis to 
determine the risks of overall cancer, and each site-specific 
cancer of heart or lung transplant recipients and determine 
which cancer type has the highest risk. We also compared 
these associations among recipients with different baseline 
characteristics and used weighted linear regression (WLR) to 
analyze the associations between corresponding standardized 
incidence ratios (SIRs) and TMBs for a better understanding 
concerning the role of the immune system in transplant recip-
ients with malignancies and the identification of opportuni-
ties to improve transplant safety.

2 |  METHODS

2.1 | Data sources

A comprehensive and systemic search was conducted using 
network databases, including PubMed (update to February 

2020), Web of Science (update to February 2020), EMBASE 
(1980 to February 2020), and Medline (1966 to February 
2020). We used “lung transplantation” or “heart transplan-
tation” combined with “cancer,” “neoplasm,” and “tumor” 
as well as their Medical Subject Headings (MeSH) terms. A 
manual search was conducted of the reference lists originat-
ing from retrieved review articles and conference abstracts. 
We contacted the author for supplemental data when impor-
tant information was missing. Meanwhile, We evaluated all 
searched results according to the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
statement (Table S1).17 The protocol was registered in the 
Prospective Register of Systematic Reviews (PROSPERO 
CRD42020159599).

2.2 | Study selection criteria

Studies pertaining to the affirmation of cancer risk among 
heart or lung transplant recipients were included if the fol-
lowing criteria were met: (1) population-based cohort stud-
ies on heart or lung recipients; (2) study reported at least 
one site-specific cancer risk (no matter positive or nega-
tive results) in heart or lung transplant recipients (3) SIRs 
and 95% confidence intervals (CIs) could be obtained or 
estimated from the article. Studies were excluded if they 
met any of the criteria below: (1) participants received 
other solid organ transplantations rather than lung or heart 
transplantation; (2) lack of available data with appropriate 
statistics; (3) studies were not published in English or du-
plicate publications.

2.3 | Data extraction

Three authors (F.G., Z.H., R.W.) extracted the necessary 
data independently and any disagreements were resolved 
after discussion among the 3 investigators. The following 
information was recorded: the first author's name, reported 
outcomes, median of follow-up duration, mean or median 
age of heart or lung transplant recipients, SIRs with their 
95% CIs, country, study period, and publication year. In 
2017, Chalmers et al.18 measured the distribution of TMB 
across a diverse cohort of 100,000 cancer cases through 
a targeted comprehensive genomic profiling (CGP) assay, 
and tested for association between somatic alterations and 
TMB in over 100 tumor types. We extracted the relevant 
TMBs directly when the malignancy of the included stud-
ies was found in Chalmers’ study. Otherwise, we took the 
average value of the related malignancies’ TMBs men-
tioned in the study (leukemia, melanoma, the cancer of 
cervix, brain, pancreas, liver, breast, prostate, colorectal, 
skin, lung, and bladder).
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2.4 | Quality assessment

The methodological quality of the selected studies was evalu-
ated using criteria from the Newcastle Ottawa Scale (NOS) 
(Table 1), which included selection (4 items), comparability 
(1 item), and outcome (3 items).19 Any disagreement was re-
solved by consensus.

2.5 | Statistical analysis

We examined cancer risks in heart or lung transplant re-
cipients on the basis of the SIRs and their 95% CIs pub-
lished in each study. A random-effects model was adopted 
to calculate SIRs and 95% CIs20,21 for heart or lung trans-
plant recipients versus the general population. The synthe-
sized SIRs were classified into 7 modules by anatomical 
site or histology: all cancers, digestive system, respira-
tory system, reproductive and urinary systems, lymphatic 
and hematological systems, integumentary system, and 
neurological system. We conducted subgroup analyses 
to investigate sources of heterogeneity and sensitivity 
analyses to explore whether any study had a large influ-
ence on the pooled-effect estimates. Subgroup analysis 
based on age (50 years or older, <50 years) and region 
(Europe, Asia, North America, Oceania) was carried out. 
Sensitivity analysis was conducted by consecutive ex-
clusion of each study. Heterogeneity was assessed using 
Cochran's Q test and the I2 statistic; we defined statisti-
cal heterogeneity as noteworthy if an I2 statistic ≥50%.22 
Funnel plot tests, Egger's test,23 and Begg's test24 were 
utilized to appraise the publication bias. The popula-
tion sizes of heart or lung transplantation were used as 
weights in the WLR to analyze the association and calcu-
late the correlation coefficients between TMBs and SIRs 
in multiple-site cancers. Because both TMBs and SIRs 
were not normally distributed, we took the logarithm of 
each and compared them. All statistical manipulation was 
carried out by Stata software (version 15, StataCorp). All 
p-values were 2-tailed; statistical significance was con-
sidered as p-value <0.05.

3 |  RESULTS

3.1 | Study selection

In total, 1324 citations met the search criteria. After elimi-
nation of 619 duplicates, 705 underwent title and abstract 
screening. The full text of 98 articles was examined. Finally, 
217,25–44 of them met the inclusion criteria for our meta-anal-
ysis (Figure 1).

3.2 | Study characteristics

All 21 studies were prospective cohort studies. Table 1 
shows the demographic details of the included studies. In 
heart or lung transplantation, 51,173 and 65,265 recipients 
were followed up for a total of 259,913.2 and 341,417.5 
person-years, with a median follow-up time of 6.4 (range: 
3.7–9.4  years) and 5.2 (range: 2.8–10.0  years) years, re-
spectively. The mean or median age of heart and lung 
transplant recipients was 48.4 (range: 42.0–55.0) and 50.3 
(range: 40.9–57.0) years old with organ transplantation, 
respectively.

3.3 | Cancer risk in transplant recipients

A pooled analysis of 21 studies on the risk of various can-
cers in heart or lung transplant recipients is presented in 
Table 2. Furthermore, Figures S1–S4 show the forest plot 
for cancer at different sites. Both heart and lung trans-
plant recipients were at a higher risk of all cancers, with 
a 3.13-fold higher cancer risk [SIR: 3.13; 95% CI: 2.38–
4.13; p < 0.001] and a 4.28-fold higher cancer risk [SIR: 
4.28; 95% CI: 3.18–5.77; p < 0.001], respectively. As for 
system-specific cancers, among heart transplant recipi-
ents, the most common five systems were integumentary 
system [SIR: 22.86; 95% CI: 15.32–34.11; p  <  0.001], 
lymphatic and hematological systems [SIR: 12.65; 95% 
CI: 8.58–18.94; p  <  0.001], reproductive and urinary 
systems [SIR: 2.57; 95% CI: 1.85–3.56; p  <  0.001], 
respiratory system [SIR: 2.43; 95% CI: 2.04–2.89; 
p < 0.001], digestive system [SIR: 1.48; 95% CI: 1.11–
1.96; p = 0.007]. The most common five systems with the 
highest increased risk in lung transplant recipients were 
lymphatic and hematological systems [SIR: 14.24; 95% 
CI: 9.69–20.95; p < 0.001], integumentary system [SIR: 
12.26; 95% CI: 7.03–22.81; p < 0.001], respiratory sys-
tem [SIR: 5.90; 95% CI: 4.66–88.03; p < 0.001], diges-
tive system [SIR: 3.49; 95% CI: 2.00–6.08; p < 0.001], 
reproductive and urinary systems [SIR: 1.96; 95% CI: 
1.40–2.74; p < 0.001]. The results of sensitivity analyses 
are listed in Figures S5–S6, indicating that the omission 
of any single study did not result in a significant differ-
ence of the pooled results, except for cancer of colorec-
tal, anus, liver, respiratory system, and reproductive and 
urinary systems in heart transplant recipients and cancer 
of esophagus, stomach, liver, pharynx and larynx, breast, 
cervix, vulva and vagina, kidney, bladder, basal cell car-
cinoma, and non-melanoma in lung transplant recipients. 
However, the variable findings may be attributed to the 
limited number of included cohorts or the effects of heart 
or lung transplantation.
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3.4 | Correlation between SIRs and TMBs

In heart or lung transplant recipients, we observed a significant 
correlation between TMBs and SIRs (heart transplantation: 
p = 0.049; lung transplantation: p < 0.001). The correlation 
coefficients between SIRs and TMBs (heart transplantation: 
0.54 and lung transplantation: 0.79) suggested that 29% and 
63% of the differences in SIRs across cancer types might be 
explained by the TMBs, respectively (Figure 2).

3.5 | Subgroup analyses

The results of our subgroup analyses are presented in Table 
3. Furthermore, Figures S7–S10 show the forest plot for 
cancer at different sites. We performed subgroup analyses 
according to age (50 years or older, <50 years), and region 
(Europe, Asia, North America, Oceania). First, we found 
that heart transplant recipients older than 50 years were at 
higher risk for cancers than those younger than 50 years, 
with the exception of lung cancer. Second, lung transplant 
recipients had significantly higher risks of lung and liver 
cancers in Europe than in other regions. Third, our study 
denoted that lung transplant recipients were at the highest 
risk for all cancers in South America. Fourth, most ma-
lignancies were at increased risks worldwide in transplant 

recipients, while a few tumors were at decreased risk. It 
may be associated with the different susceptibilities of 
the malignancies in different regions. Subgroup analysis 
showed that the age and region of transplant recipients are 
not the source of heterogeneity.

3.6 | Publication bias analysis

Significant heterogeneity existed in the pooled analyses. With 
the limited information available, we were unable to detect 
any source leading to substantial heterogeneity. Furthermore, 
Egger's and Begg's test results showed no evidence of publi-
cation bias for all cancers analyzed in heart or lung transplant 
recipients (Figures S11–S12).

4 |  DISCUSSION

Our large-scale quantitative study included 116,438 trans-
plant recipients (51,173 heart transplant recipients and 
65,265 lung transplant recipients) from 29 cohorts (12 co-
horts for heart transplantation and 17 cohorts for lung trans-
plantation). In terms of our results, we found that heart and 
lung transplant populations had significantly increased risks 
of cancer compared with the general population. Moreover, 

F I G U R E  1  PRISMA diagram of study selection
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T A B L E  2  SIRs of all cancers and specific cancer types by anatomical site or histology among heart or lung transplant recipients

Site

Heart Lung

N
SIR  
(95% Cl) p-value I-square Pheterogeneity N

SIR  
(95% Cl) p-value I-square Pheterogeneity

All cancers 8 3.13 (2.38, 
4.13)

<0.001 96.2% <0.001 10 4.28 (3.18, 
5.77)

<0.001 95.8% <0.001

Digestive system 20 1.48 (1.11, 
1.96)

0.007 43.9% 0.019 19 3.49 (2.00, 
6.08)

<0.001 92.1% <0.001

Esophagus 2 1.73 (0.44, 
6.89)

0.435 0.0% 0.812 2 3.26 (1.16, 
9.12)

0.025 12.5% 0.285

Stomach 2 1.66 (0.37, 
7.35)

0.506 0.0% 0.715 3 4.76 (1.58, 
14.31)

0.005 58.8% 0.088

Colorectal 7 1.16 (0.84, 
1.60)

0.371 51.7% 0.053 8 3.38 (1.44, 
7.92)

0.005 96.0% <0.001

Anus 2 8.49 (2.63, 
27.39)

<0.001 0% 0.667 — — — — —

Liver 5 1.40 (0.89, 
2.20)

0.149 0.0% 0.421 6 3.37 (1.23, 
9.24)

0.018 70.9% 0.004

Pancreas 2 2.62 (0.91, 
7.55)

0.075 0.0% 0.446 — — — — —

Respiratory system 16 2.90 (2.31, 
3.64)

<0.001 61.4% 0.001 15 5.19 (4.04, 
6.68)

<0.001 76.5% <0.001

Pharynx and larynx 2 2.24 (0.67, 
7.49)

0.190 0.0% 0.712 2 4.54 (1.58, 
14.31)

0.005 0.0% 0.967

Lung 8 2.42 (2.01, 
2.93)

<0.001 50.3% 0.050 9 5.97 (4.66, 
7.66)

<0.001 80.4% <0.001

Oral cavity 6 6.48 (3.40, 
12.37)

<0.001 46.7% 0.095 4 2.34 (0.88, 
6.25)

0.090 58.4% 0.065

Reproductive and 
urinary systems

20 2.57 (1.85, 
3.56)

<0.001 19.9% 0.290 27 1.96 (1.40, 
2.74)

<0.001 72.0% 0.770

Breast 3 1.72 (0.69, 
4.27)

0.244 0.0% 0.705 5 0.77 (0.58, 
1.03)

0.077 23.8% 0.283

Cervix — — — — — 5 3.02 (1.07, 
8.49)

0.036 64.5% 0.024

Vulva and vagina — — — — — 4 10.16 (3.50, 
29.50)

<0.001 0.0% 0.883

Prostate 4 1.29 (0.97, 
1.71)

0.075 0.0% 0.924 5 1.25 (0.87, 
1.81)

0.230 15.8% 0.314

Kidney 9 4.29 (2.90, 
6.36)

<0.001 65.6% 0.003 4 2.71 (1.30, 
5.64)

0.008 54.7% 0.085

Bladder 4 1.86 (0.83, 
4.16)

0.129 19.9% 0.290 4 2.84 (1.81, 
4.44)

<0.001 0.0% 0.770

Lymphatic and 
hematological 
systems

12 12.75 (8.58, 
18.94)

<0.001 91.5% <0.001 19 14.24 (9.69, 
20.95)

<0.001 88.8% <0.001

PTLDa — — — — — 4 17.95 
(15.33, 
21.02)

<0.001 0.0% 0.607

Hodgkin's 
lymphoma

4 11.64 (6.50, 
20.87)

<0.001 0.0% 0.912 5 8.83 (2.81, 
27.69)

<0.001 91.1% <0.001

(Continues)
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the incidences of various malignancies we observed correlate 
closely with data previously reported for a variety of post-
transplantation patient populations.

In 2011, Engels et al.30 conducted a large cohort study 
to calculate the risk of cancers in solid organ transplant 
recipients. They found that the Non-Hodgkin's lymphoma 
(NHL) incidence was the highest in lung recipients, which 
is consistent with the results we observed. However, they 
reported that the risk of breast and prostate cancer were 
decreased in solid organ transplant recipients, we did 
not find the association in heart or lung transplantation. 
Overall, it does appear that heart or lung transplant pa-
tients remain more vulnerable to malignancy than the 

overall solid organ transplant population [The SIR of heart 
and lung transplant patients are 3.13 (2.38, 4.13) and 4.28 
(3.18, 5.77), respectively, versus 2.10 (2.06–2.14) for all 
solid organ transplant recipients]. Heo et al.45 reported the 
cancer risk among renal transplant recipients. Similarly, 
NHL also showed a higher risk [SIR: 28.64 (7.70–73.32)] 
in renal transplantation. We found that the incidence of 
kidney cancer was higher in renal transplantation than in 
heart or lung transplantation. [The SIR of heart and lung 
transplant patients are 4.29 (2.90, 6.36) and 2.71 (1.30, 
5.64), respectively, versus 16.31 (7.44–30.95) for renal 
transplant recipients]. Furthermore, the findings of our 
subgroup analyses indicated that the risk of certain cancers 

Site

Heart Lung

N
SIR  
(95% Cl) p-value I-square Pheterogeneity N

SIR  
(95% Cl) p-value I-square Pheterogeneity

non-Hodgkin's 
lymphoma

8 13.00 (8.21, 
20.59)

<0.001 94.6% <0.001 6 29.62 
(19.07, 
46.03)

<0.001 82.1% <0.001

Leukemia — — — — — 4 2.15 (1.10, 
4.17)

0.024 0.0% <0.001

Integumentary system 27 22.86 
(15.32, 
34.11)

<0.001 96.9% <0.001 27 12.66 (7.03, 
22.81)

<0.001 98.5% <0.001

Skin cancer — — — — — 3 28.83 (9.44, 
88.03)

<0.001 98.1% <0.001

Kaposi sarcoma 4 112.76 
(62.25, 
204.25)

<0.001 0.0% 0.474 2 9.64 (1.26, 
73.91)

0.029 0.0% 0.971

Lip 6 49.92 
(29.26, 
85.19)

<0.001 75.1% 0.001 5 29.15 (7.10, 
119.72)

<0.001 95.6% <0.001

Squamous cell 
carcinoma

4 55.54 
(28.27, 
109.13)

<0.001 95.5% <0.001 7 10.65 (1.81, 
62.54)

0.009 99.4% <0.001

Basal cell 
carcinoma

4 7.74 (5.67, 
10.58)

<0.001 70.3% 0.018 2 6.08 (3.02, 
12.21)

<0.001 44.1% 0.181

non-Melanoma skin 
cancer

4 39.31 
(17.74, 
87.09)

<0.001 98.1% <0.001 6 10.72 (3.76, 
30.59)

<0.001 97.5% 0.000

Melanoma 5 3.06 (2.23, 
4.19)

<0.001 0.0% 0.981 2 2.43 (0.85, 
6.97)

0.098 0.0% 0.955

Neurological 2 2.28 (0.69, 
7.52)

0.178 0.0% 0.403 6 2.18 (1.22, 
3.92)

0.009 16.5% 0.308

Brain 2 2.28 (0.69, 
7.52)

0.178 0.0% 0.403 3 2.12 (0.93, 
4.83)

0.075 0.0% 0.915

Thyroid — — — — — 3 2.69 (0.75, 
9.74)

0.131 65.5% 0.055

Note: An SIR >1 suggests that the cancer risk is higher than that of the ordinary population; The p-values less than 0.05 are in bold.
Abbreviations: CI, Confidence interval; N, Number of studies; PTLD, Posttransplant lymphoproliferative disorders; SIR, Standardized incidence ratio.
aPTLD is not a separate category from Non-Hodgkin lymphoma or Hodgkin lymphoma. 

T A B L E  2  (Continued)
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(e.g., lung cancer, liver cancer) varied by regions and ages, 
suggesting the presence of ethnicity-based and age-based 
differences. As the most common cause of mortality in pa-
tients with solid organ transplant,46 we observed that the 
incidence of posttransplant lymphoproliferative disorders 
(PTLD) increased significantly in lung transplantation and 
the rate not influenced by age and region.

Several mechanisms may explain the increased cancer 
risk for heart or lung transplant recipients. Both viral and 
nonviral factors are involved in cancer progression after heart 
or lung transplantation. Infection with the hepatitis C and 
hepatitis B virus are considered risk factors for liver cancer, 
while Epstein-Barr (EB) virus infection may be associated 
with an increased risk of non-Hodgkin's lymphoma.47,48 
Additionally, risks also increased for certain malignancies 
without established links to infections. The risk of few can-
cers (e.g., non-melanoma skin cancer and lip cancer) are in-
creased in HIV-infected populations12,25 which may reflect 
the loss of immune surveillance, activation of the immune 
system, or the effects of chronic inflammation. Transplant 
recipients have higher risks of colorectal and lip cancer than 
HIV-infected individuals.12

Compared with heart transplantation, lung cancer risk was 
higher among lung recipients, perhaps due to the smoking-re-
lated lung diseases (eg, chronic obstructive pulmonary dis-
ease) that could be the indication for a lung transplant, which 

leads to a worse prognosis in the transplant state. Moreover, 
lung cancer risk increased over time among lung recipients, 
suggesting a cumulative effect of transplantation.30 In lung 
recipients receiving single-lung transplantation, most lung 
cancers occur in the other natural lung.49,50 However, some 
cancers occurred in the first 6 months after transplantation 
may have cancers before surgery but delayed reports of can-
cer discovery in the explanted lung.51,52 It could be the po-
tential reasons for the difference in malignancy rates between 
heart transplantation and lung transplantation.

Long-term use of immunosuppressive therapy is related 
to the increased incidence of cancer. Immunosuppression is 
possibly related to the direct damage of cells and cell repair 
systems.53,54 Generally, immunosuppressants act by deplet-
ing T cells, leading to decreased acute rejection rates and in-
creased graft survival.55 Immunosuppressants also have the 
ability to reduce immune surveillance, which facilitates the 
survival and proliferation of abnormal cells.56 In lung trans-
plantation, the use of immunosuppressants is more intensive 
and the large amount of lymphoid tissue conveyed within the 
lung graft is the likely cause of the significantly increased risk 
of non-Hodgkin's lymphoma in lung transplant recipients.6 In 
addition, the significant elevation of skin-related malignan-
cies (e.g., basal cell carcinoma and SCC) and cervical cancer 
in transplant recipients may be related to the increased sus-
ceptibility to human papillomavirus.57 Compared with 11% 

F I G U R E  2  Correlation between Tumor Mutational Burdens and Standardized Incidence Ratios in heart or lung transplant recipients. The 
number of transplant recipients who were analyzed for the SIR is shown for each tumor type (size of the circle). Data on the x and y axis are shown 
on a logarithmic scale
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T A B L E  3  SIRs of all cancers and specific cancer types among heart or lung transplant recipients in subgroup analysis

Site

Heart Lung

N
SIR  
(95% Cl) p-value I-square Pheterogeneity N SIR (95% Cl) p-value I-square Pheterogeneity

Age group

<50 yr 34 3.68 (2.72, 
4.97)

<0.001 97.4% <0.001 46 4.37 (3.01, 
6.35)

<0.001 97.9% <0.001

All cancers 5 2.95 (2.23, 
3.90)

<0.001 93.8% <0.001 7 3.52 (2.80, 
4.41)

<0.001 85.6% <0.001

Squamous cell 
carcinoma

2 46.24 (8.08, 
254.66)

<0.001 97.7% <0.001 3 4.28 (0.48, 
37.80)

0.191 95.4% <0.001

Oral cavity 3 5.02 (2.59, 
9.74)

<0.001 0.0% 0.525 3 3.14 (0.80, 
12.33)

0.102 61.7% 0.074

Colorectal 4 0.99 (0.85, 
1.17)

0.942 0.0% 0.665 5 1.49 (1.09, 
2.04)

0.014 23.4% 0.265

Liver 3 1.10 (0.65, 
1.85)

0.725 0.0% 0.806 4 2.23 (0.55, 
9.09)

0.264 72.1% 0.013

Lung 4 2.51 (2.18, 
2.89)

<0.001 18.1% 0.300 6 5.12 (3.99, 
6.57)

<0.001 48.7% 0.083

Cervix — — — — — 3 3.86 (0.92, 
16.26)

0.065 42.4% 0.176

Prostate — — — — — 3 1.64 (0.93, 
2.89)

0.089 0.0% 0.369

Kidney 6 4.07 (2.70, 
6.12)

<0.001 57.8% 0.037 2 1.63 (0.81, 
3.26)

0.171 0.0% 0.586

Bladder — — — — — 2 2.00 (0.77, 
5.19)

0.153 0.0% 0.504

PTLDa — — — — — 2 18.62 (15.57, 
22.25)

<0.001 0.0% 0.519

non-Hodgkin's 
lymphoma

5 8.89 (5.05, 
15.66)

<0.001 93.9% <0.001 4 22.82 (17.01, 
30.63)

<0.001 40.7% 0.504

non-Melanoma 
skin cancer

— — — — 4 20.23 (7.30, 
56.08)

<0.001 97.4% <0.001

Melanoma 2 3.00 (2.06, 
4.37)

<0.001 0.0% 0.660 — — —

≥50 yr 25 4.56 (2.57, 
8.08)

<0.001 98.0% <0.001 26 7.25 (3.70, 
14.10)

<0.001 99.3% <0.001

All cancers 2 4.03 (1.84, 
8.82)

<0.001 98.3% <0.001 3 6.83 (2.93, 
16.93)

<0.001 98.7% <0.001

Squamous cell 
carcinoma

2 67.14 (41.32, 
109.09)

<0.001 88.3% 0.003 4 20.92 (1.98, 
220.51)

0.011 99.6% <0.001

Oral cavity 3 8.37 (2.43, 
28.91)

0.001 74.1% 0.021 —

Colorectal 3 1.35 (0.44, 
4.12)

0.600 76.7% 0.014 3 8.25 (1.71, 
39.74)

0.009 96.8% <0.001

Liver 1 3.30 (0.61, 
18.00)

0.522 — — 2 6.62 (1.10, 
40.04)

0.039 79.6% 0.027

Lung 3 2.05 (1.00, 
4.17)

0.049 79.3% 0.008 3 8.10 (4.42, 
14.85)

<0.001 93.5% <0.001

(Continues)
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Site

Heart Lung

N
SIR  
(95% Cl) p-value I-square Pheterogeneity N SIR (95% Cl) p-value I-square Pheterogeneity

Cervix — — — — — 2 2.44 (0.40, 
14.68)

0.334 85.8% <0.001

Prostate — — — — — 2 1.04 (0.76, 
1.42)

0.817 0.0% 0.352

Kidney 3 4.32 (1.61, 
11.60)

0.004 71.5% 0.030 2 4.48 (0.97, 
20.60)

0.054 77.6% 0.035

Bladder 3 1.69 (0.61, 
4.65)

0.313 46.6% 0.154 2 3.13 (1.89, 
5.21)

<0.001 0.0% 0.880

PTLDa — — — — — 2 17.95 (15.33, 
21.02)

<0.001 0.0% 0.607

non-Hodgkin's 
lymphoma

2 23.78 (19.30, 
29.29)

<0.001 0.0% 0.572 2 52.19 (33.79, 
80.63)

<0.001 43.2% 0.185

non-Melanoma 
skin cancer

— — — — — 1 2.19 (1.31, 
3.69)

0.004-

Melanoma 3 3.20 (1.81, 
8.82)

<0.001 0.0% 0.910 — — —

Region group — — —

South America 15 2.74 (1.66, 
4.50)

<0.001 97.8% <0.001 18 4.86 (3.16, 
7.49)

<0.001 98.6% <0.001

All cancers 1 2.70 (2.30, 
3.20)

<0.001 — — 4 5.07 (3.21, 
8.02)

<0.001 96.5% <0.001

Squamous cell 
carcinoma

— — — — — 1 8.10 (6.30, 
10.30)

<0.001

Oral cavity 2 4.42 (2.46, 
7.93)

<0.001 0.0% 0.805 — — —

Colorectal 3 0.95 (0.79, 
1.13)

0.553 0.0% 0.937 3 3.88 (0.98, 
15.41)

0.054 98.3% <0.001

Liver 2 1.39 (0.50, 
3.80)

0.527 39.2% 0.200 2 2.46 (1.20, 
5.05)

0.014 0.0% 0.667

Lung 3 1.95 (1.20, 
3.15)

0.007 75.4% 0.017 3 5.67 (4.68, 
6.87)

<0.001 69.4% 0.038

Kidney 1 2.88 (2.33, 
3.55)

<0.001 — — 3 2.84 (1.16, 
6.98)

0.023 69.8% 0.036

PTLDa — — — — — 2 17.42 (13.69, 
22.17)

<0.001 30.3% 0.231

non-Hodgkin's 
lymphoma

2 13.21 (4.63, 
37.68)

<0.001 98.1% <0.001 1 61.80 (43.52, 
87.75)-

<0.001

non-Melanoma 
skin cancer

— — — — — 1 2.19 (1.31, 
3.71)

0.003

Melanoma 2 2.95 (1.47, 
5.92)

0.002 0.0% 0.886 — — —

Europe 37 7.38 (4.86, 
11.21)

<0.001 98.8% <0.001 31 9.80 (5.24, 
18.32)

<0.001 98.8% <0.001

All cancers 6 3.29 (2.30, 
4.72)

<0.001 96.8% <0.001 4 4.50 (2.47, 
8.20)

<0.001 96.5% <0.001

T A B L E  3  (Continued)
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Site

Heart Lung

N
SIR  
(95% Cl) p-value I-square Pheterogeneity N SIR (95% Cl) p-value I-square Pheterogeneity

Squamous cell 
carcinoma

4 55.54 (28.27, 
109.13)

<0.001 95.5% <0.001 5 15.70 (1.52, 
161.03)

0.021 99.2% <0.001

Oral cavity 3 10.06 (3.28, 
4.72)

<0.001 65.8% 0.053 2 6.42 (2.24, 
18.34)

0.001 0.0% 0.714

Colorectal 3 1.87 (0.83, 
4.21)

0.034 70.5% 0.034 3 3.88 (0.73, 
20.77)

0.113 77.4% 0.012

Liver 2 2.15 (0.87, 
5.32)

0.366 0.0% 0.366 3 9.96 (4.37, 
22.71)

<0.001 0.0% 0.375

Lung 4 2.76 (2.04, 
3.75)

<0.001 43.9% 0.148 4 8.73 (4.39, 
17.34)

<0.001 82.2% 0.001

Kidney 5 6.35 (4.21, 
9.60)

<0.001 33.5% 0.198 1 2.50 (0.46, 
13.69)

0.632

PTLDa — — — — — 2 17.95 (15.33, 
21.02)

<0.001 0.0% 0.607

non-Hodgkin's 
lymphoma

5 16.70 (11.11, 
24.97)

<0.001 71.9% 0.007 4 27.96 (22.29, 
35.08)

<0.001 0.0% 0.403

non-Melanoma 
skin cancer

3 41.52 (16.13, 
106.85)

<0.001 98.7% <0.001 3 39.99 (13.70, 
108.75)

<0.001 97.5% <0.001

Melanoma 2 3.38 (1.35, 
8.43)

0.009 0.0% <0.001 2 2.43 (0.85, 
6.97)

0.098 0.0% 0.955

Asia 7 1.79 (1.26, 
2.56)

0.001 29.5% 0.203

All cancers — — — — — 1 1.65 (1.21, 
2.24)

0.001 — —

Squamous cell 
carcinoma

— — — — — 1 1.99 (0.95, 
4.17)

0.068 — —

Oral cavity — — — — — — — — — —

Colorectal — — — — — 1 1.99 (0.95, 
4.17)

0.843 — —

Liver — — — — — 1 0.21 (0.03, 
1.49)

0.068 — —

Lung — — — — — 1 2.29 (1.52, 
5.61)

0.117 — —

Kidney — — — — — 1 2.29 (1.52, 
5.61)

0.001 — —

non-Hodgkin's 
lymphoma

— — — — — — — — — —

non-Melanoma 
skin cancer

— — — — — 1 2.98 (0.42, 
21.20)

0.275 — —

Melanoma — — — — — — — — — —

Oceania 8 2.61 (1.64, 
4.13)

<0.001 88.5% <0.001 5 4.42 (2.28, 
8.59)

<0.001 91.7% <0.001

All cancers 1 2.64 (2.32, 
2.98)

<0.001 — — 1 4.28 (3.49, 
5.19)

<0.001 — —

Squamous cell 
carcinoma

— — — — — — — — — -
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to 32% in normal skin, up to 90% of SCCs in solid organ 
transplantation recipients contain human papillomavirus 
DNA.58 Immunosuppressants have also shown the possibility 
to increase the risk of UV-related carcinogenic effects.59,60

TMB is a promising biomarker for predicting the response 
to immune checkpoint inhibitors of solid tumors.61 To some 
extent, TMB reflects the immunogenicity of the tumor. The 
higher the TMB of a certain cancer is, the more types of ab-
normal proteins are produced, which would be recognized 
as antigens, leading to a higher possibility of being recog-
nized by the immune system. Therefore, when the immune 
system is normal, malignancies with a high TMB are less 
likely to grow. Immunosuppressive drugs lower the ability 
of immune surveillance of the immune system, leading to 
increased survival of high-TMB malignancies, which sup-
ports the increased risk of cancer in transplant recipients. 
In 2019, D’Arcy et al.62 reported the survival after cancer 
diagnosis among solid organ transplant recipients. They 
found that for most cancers (e.g., melanoma, breast cancer, 
bladder cancer, colorectal cancer), the cancer-specific mor-
tality rate of transplant recipients was higher than the can-
cer patients, especially increase in melanoma, which may 
be due to the use of immunosuppressants leading to im-
paired immunity in transplant recipients. Furthermore, mel-
anoma has a higher TMB than most other cancers according 
to Chalmers et al. study. These findings indicate that the 
use of immunosuppressants may be an important factor in 
promoting the occurrence and development of cancers in 

transplant recipients. The correlation coefficients between 
SIRs and TMBs suggested that 29% and 63% of the differ-
ences in SIRs across cancer types might be explained by the 
TMBs, respectively. However, as for the remaining 71% and 
37%, we tend to believe that it might be explained by the 
following reasons: the different susceptibilities to different 
malignancies in transplant recipients, use of individualized 
doses of immunosuppressants, or the insufficient intensity 
of cancer screening in transplant recipients. The high cor-
relation between the cancers’ SIRs and their TMBs in lung 
transplantation may be related to high immunosuppressive 
intensity in lung transplantation.6

There are several strengths to this study. First, to our knowl-
edge, this is the first comprehensive meta-analysis estimating 
the risk of each site-specific cancer after heart or lung trans-
plantation and exploring the relationship between correspond-
ing SIRs and their TMBs. Second, the large sample size allowed 
us to quantitatively assess the impact of heart or lung transplan-
tation on the risk of cancer at multiple sites, thus, our findings 
were more reliable than any individual study. Third, the SIRs 
were calculated across subgroups, which could assess the im-
pact of heart or lung transplantation in different populations.

We acknowledge some limitations in regards to our me-
ta-analysis: first, heterogeneity between studies was high, 
which may be due to the following: (1) no detailed informa-
tion on the smoking status,63 body mass index,64 alcohol use65 
and immunosuppressants66 were available that allow us to per-
form an adjustment for these potential confounders; and (2) 

Site

Heart Lung

N
SIR  
(95% Cl) p-value I-square Pheterogeneity N SIR (95% Cl) p-value I-square Pheterogeneity

Oral cavity 1 1.41 (0.04, 
7.88)

0.799 — — — — — — —

Colorectal 1 0.99 (0.54, 
1.63)

0.972 — — 1 2.58 (1.12, 
5.09)

0.014 — —

Liver 1 1.85 (0.22, 
6.69)

0.480 — — — — — — —

Lung 1 2.18 (1.39, 
3.22)

<0.001 — — 1 3.82 (1.65, 
3.53)

<0.001 — —

Kidney 1 2.36 (0.87, 
5.14)

0.058 — — — — — — —

non-Hodgkin's 
lymphoma

1 7.80 (5.71, 
10.41)

<0.001 — — 1 16.8 (11.1, 
24.4)

<0.001 — —

non-Melanoma 
skin cancer

— — — — — 1 1.64 (0.53, 
3.83)

0.327 — —

Melanoma 1 3.04 (2.03, 
4.36)

<0.001 — — — — — — —

Note: An SIR >1 suggests that the cancer risk is higher than that of the ordinary population; The p-values less than 0.05 are in bold.
Abbreviations: CI, Confidence interval; N, Number of studies; PTLD, Posttransplant lymphoproliferative disorders; SIR, Standardized incidence ratio; yr, years old.
aPTLD is not a separate category from Non-Hodgkin lymphoma or Hodgkin lymphoma. 
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although all studies used the general population as reference, 
the matching criteria for studies in different countries may be 
different. Second, as there was no pre-transplant disease data 
for heart or lung transplant recipients, we cannot determine 
whether this information would have an effect on heart or lung 
transplant recipients’ risk of developing cancer. However, this 
information was very important, which could be the source 
of bias, such as cystic fibrosis, a prime reason for lung trans-
plantation, it also increases the incidence of gastrointestinal 
cancers regardless of whether the patient has a transplantation. 
Third, due to data limitations, we are unable to analyze differ-
ent subtypes of tumors to explore the impact of tumor proper-
ties on the cancer risk of transplant recipients.

In conclusion, this meta-analysis demonstrated that both 
heart and lung transplant recipients displayed a higher risk in 
site-specific cancers and for most cancers, the cancer-specific 
risk was higher in lung transplantation than heart transplanta-
tion. Moreover, the correlation between TMBs and SIRs in lung 
transplantation is higher, which may due to the high immuno-
suppressive intensity. Such associations can provide individu-
alized guidance for clinicians in the detection of cancer among 
heart or lung transplantation recipients. In addition, we provided 
evidence that the risks of different cancers might be related to 
TMB, suggesting that the increased risks of post-transplant can-
cers were attributed to the intervention of immunosuppression.
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