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Abstract

Primary central nervous system lymphoma (PCNSL) risk is greatly increased in 

immunosuppressed HIV-infected people. Using data from the United States transplant registry 

linked with 17 cancer registries (1987–2014), we studied PCNSL and systemic non-Hodgkin 

lymphoma (NHL) in 288,029 solid organ transplant recipients. Transplant recipients had elevated 

incidence for PCNSL compared with the general population (standardized incidence ratio=65.1; 

N=168), and this elevation was stronger than for systemic NHL (standardized incidence 

ratio=11.5; N=2,043). Compared to kidney recipients, PCNSL incidence was lower in liver 

recipients (adjusted incidence rate ratio [aIRR]=0.52), similar in heart and/or lung recipients, and 

higher in other/multiple organ recipients (aIRR=2.45). PCNSL incidence was higher in Asians/

Pacific Islanders than non-Hispanic whites (aIRR=2.09); after induction immunosuppression with 

alemtuzumab (aIRR=3.12), monoclonal antibodies (aIRR=1.83), or polyclonal antibodies 

(aIRR=2.03); in recipients who were Epstein-Barr virus-seronegative at the time of transplant and 

at risk of primary infection (aIRR=1.95); and within the first 1.5 years after transplant 

(aIRR>2.00). Compared to other recipients, those with PCNSL had increased risk of death 

(adjusted hazard ratio [aHR]=11.79) or graft failure/retransplantation (aHR=3.24). Recipients with 

PCNSL also had higher mortality than those with systemic NHL (aHR=1.48). In conclusion, 

PCNSL risk is highly elevated among transplant recipients, and it carries a poor prognosis.

INTRODUCTION

Approximately 30,000 solid organ transplants are performed every year in the United States 

(1). Prolonged immunosuppressive therapy administered to transplant recipients to prevent 

graft rejection carries an increased risk of cancer in the post-transplant period (2). Non-
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Hodgkin lymphomas (NHLs) are one of the frequent malignancies in transplant recipients 

and comprise part of the spectrum of post-transplant lymphoproliferative disorder (PTLD) 

(3).

Extranodal involvement in NHLs among transplant recipients is common, but primary 

involvement of the central nervous system (CNS) is rare (3–6). Primary CNS lymphomas 

(PCNSLs) affect the brain, leptomeninges, or spinal cord without evidence of any systemic 

involvement (4, 6). Among individuals infected with human immunodeficiency virus (HIV), 

PCNSL is a condition that marks the onset of acquired immunodeficiency syndrome 

(AIDS), and its risk is greatly increased in HIV-infected individuals (7). Few cases of 

PCNSL have also been reported in patients with primary immunodeficiency disorders, such 

as Wiskott-Aldrich syndrome and severe combined immunonodeficiency disorder (8). 

However, data on PCNSL risk in other immunosuppressed individuals, such as transplant 

recipients, are lacking.

PCNSLs are usually aggressive diffuse large B-cell lymphomas (DLBCLs), and tumor cells 

are positive for Epstein-Barr virus (EBV) in more than 90% of the cases (9, 10), which 

differs from PCNSLs in immunocompetent individuals where EBV-related PCNSL cases are 

uncommon (11). The CNS is an immunologically privileged site, and prolonged suppression 

of T-cell mediated immunity may allow an EBV-driven oncogenic process (5, 6, 12). 

PCNSLs often carry a poor prognosis and are associated with high mortality (4, 10, 13–15). 

Treatment for PCNSL in transplant recipients usually includes reducing the dose of 

immunosuppressive drugs, which may increase the risk of graft failure (9). Studies on 

prognosis, however, have been limited by small sample sizes, inclusion of other extranodal 

NHLs, and absence of evaluation of graft failure as an outcome (16–19).

Since PCNSL is a rare malignancy, studies in transplant recipients have mostly been 

descriptive case series (9, 10, 13, 17–22). The Transplant Cancer Match (TCM) Study 

provides a unique opportunity to study rare cancers that develop in transplant recipients (2). 

In this study, we utilized TCM data to describe PCNSL incidence in transplant recipients 

compared to the general population, evaluate various risk factors for its occurrence, and 

report on outcomes following PCNSL diagnosis. We also compare PCNSL with NHLs at 

other sites to provide insights regarding etiology and prognosis.

MATERIALS AND METHODS

The TCM Study links the US Scientific Registry of Transplant Recipients (SRTR) with 

population-based cancer registries (2). The SRTR provides information on all US solid organ 

transplant recipients beginning in 1987, including demographics, medical characteristics, 

transplanted organs, and induction and baseline maintenance immunosuppressive 

medications. Record linkages were completed between the SRTR and 17 cancer registries 

covering approximately 51% of the US transplant population (see Table 1 note). We 

included transplant recipients residing in the geographic areas covered by the participating 

cancer registries, and excluded those who had unknown race/ethnicity (N=1,878), a cancer 

registry diagnosis of NHL before transplantation (N=609), or SRTR diagnosis of HIV 
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infection (N=530). This study was approved by human subjects review committees at the 

National Cancer Institute and, as required, participating cancer registries.

Incident NHLs were identified from the linked cancer registries using the International 

Classification of Diseases for Oncology, 3rd edition codes (ICD-O-3) (23). Since most 

PCNSLs are DLBCL, we assessed only NHLs that were recorded as DLBCL or unspecified 

NHL (most of which would have been DLBCLs) using ICD-O-3 morphology codes 

(DLBCL: 9678–9680, 9684, 9688, 9735, 9737; unspecified NHL: 9590–9596, 9675, 9820, 

9970). PCNSL cases were then defined using topography codes for the CNS (C70.0–C72.9), 

while systemic NHLs were the remaining NHLs at other sites.

Statistical analyses

The follow-up began at transplantation or the start of cancer registry coverage (whichever 

came later), and ended at the earliest of death, graft failure or retransplantation, loss to 

follow-up, or the last date of cancer registry coverage. We compared incidence of PCNSL 

and systemic NHL in transplant recipients to the general population using standardized 

incidence ratios (SIRs), obtained by dividing the observed number of cases by the expected 

number in the general population. Since the AIDS epidemic has strongly affected 

contemporaneous general population rates for PCNSL since 1980 (24), we calculated the 

expected number of cases by applying general population cancer incidence rates for DLBCL 

and unspecified NHL obtained from the Surveillance, Epidemiology, and End Results 

(SEER) program for 1973–1979 to person-time at risk among transplant recipients, stratified 

by sex and age (5-year groups). The comparison to pre-1980 expected counts allows the SIR 

to better capture the impact of transplantation on increasing risk above that seen in a largely 

immunocompetent population. We present exact confidence intervals for the SIRs.

We used Poisson regression to compare PCNSL and systemic NHL incidence among 

subgroups of transplant recipients, defined by demographic characteristics, transplanted 

organ, induction and baseline immunosuppressive medications, EBV serostatus at the time 

of transplantation, and time since transplantation. Factors significantly associated with 

PCNSL incidence in univariate Poisson models, or otherwise believed to be clinically 

important, were included in multivariable models for PCNSL and systemic NHL. Although 

EBV serostatus was not significantly associated with PCNSL in univariate analyses (Table 

S1), it is an important risk factor for NHL in transplant recipients. Therefore, we included 

this variable in multivariable analyses. To determine whether risk factors differed for the two 

NHL types, we compared PCNSL and systemic NHL in a multivariable logistic regression 

model that included the predictors from the Poisson model.

We evaluated the impact of PCNSL or systemic NHL on transplant outcomes in two 

additional analyses. First, we evaluated whether PCNSL or systemic NHL in transplant 

recipients is associated with risk of death, graft failure/retransplantation, or the composite 

outcome using Cox regression. The time scale was time since transplantation, and diagnosis 

of PCNSL or systemic NHL was included as a time-dependent variable. Adjusted hazard 

ratios (aHRs) are presented incorporating adjustment for age at transplantation, sex, 

transplanted organ, year of transplantation, and race/ethnicity. As some transplants could 

have occurred before the start of cancer registry coverage, we allowed for delayed entry. 
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Second, we compared risk of death among transplant recipients with PCNSL and those with 

systemic NHL using Cox regression with time since NHL diagnosis as the time scale. This 

analysis included only the NHL cases. Follow-up continued through any graft failure or 

retransplantation events and ended at death, loss to follow-up, or the last date of the cancer 

registry coverage (whichever occurred earlier). We conducted an additional survival analysis 

adjusted for cancer treatment. The proportional hazards assumption was tested by 

introducing interaction terms of PCNSL or systemic NHL diagnosis with follow-up time and 

was met for all models. We plot Kaplan-Meier survival curves to characterize the probability 

of death following PCNSL or systemic NHL diagnosis. Some cancer registries did not 

provide complete information on survival or cancer treatment and were excluded from the 

relevant survival analyses (see Table 3 and Supplementary Table 2 notes).

We also ascertained EBV status of the NHL tumors. Cancer registries do not collect this 

information, but it is collected by the SRTR for PTLD cases. We therefore searched for 

SRTR records on PTLD and, if available, used the EBV data closest in time to the 

corresponding matched NHL diagnosis in the cancer registry.

RESULTS

Among the 288,029 transplants included in the study, the kidney was the most frequently 

transplanted organ (58.0%), followed by liver (21.7%), heart and/or lung (14.4%), and other/

multiple organs (5.9%) (Table 1). A large proportion of transplants occurred between the 

ages 50–64 years (37.7%), in males (61.4%), and in non-Hispanic whites (62.4%). The 

median follow-up time for all included transplants was 4.0 years (interquartile range, 1.5–7.7 

years).

During follow-up, 168 cases of PCNSL and 2,043 cases of systemic NHL were diagnosed 

(incidence 11.5 and 140.0 per 100,000 person-years, respectively). PCNSL and systemic 

NHL occurred at a median of 1.7 years and 3.3 years after transplant, respectively. 

Compared to the general population, incidence was substantially elevated for both PCNSL 

(SIR=65.1; 95%CI=55.6–75.7) and systemic NHL (SIR=11.5; 95%CI=11.0–12.0).

As shown in Table 2, PCNSL incidence appeared to increase with age but the differences 

were not significant. PCNSL incidence did not differ by sex, while Asians/Pacific Islanders 

had 2-fold higher incidence (aIRR=2.09; 95%CI=1.24–3.52) than non-Hispanic whites. 

Compared with kidney recipients, risk was lower for liver recipients (aIRR=0.52; 

95%CI=0.31–0.92), not different for heart and/or lung recipients, and higher for other/

multiple organ recipients (aIRR=2.45; 95%CI=1.54–3.90). Regarding drugs used for 

induction immunosuppression, PCNSL incidence was higher with administration of 

alemtuzumab (aIRR=3.12; 95%CI=1.57–6.22), monoclonal antibodies (aIRR=1.83; 

95%CI=1.03–3.28), or polyclonal antibodies (aIRR=2.03; 95%CI=1.35–3.06), compared to 

no induction drugs. Transplant recipients who were EBV-seronegative at the time of 

transplant had higher PCNSL incidence (aIRR=1.95; 95%CI=1.09–3.48) than EBV-

seropositive recipients. PCNSL incidence was greatest within the first 1.5 years after 

transplant (Figure 1), then gradually decreased over time. No significant differences in 

incidence were observed with respect to body mass index, donor type (for kidney recipients), 

Mahale et al. Page 4

Am J Transplant. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



baseline maintenance immunosuppressive drugs, cytomegalovirus serostatus, or human 

leukocyte antigen (HLA) mismatches (Table S1).

The pattern for systemic NHLs differed from that for PCNSL for some, but not all variables 

(Table 2). Systemic NHL incidence was high in young transplant recipients (age at 

transplantation, 0–17 years), decreased with increasing age until 35–49 years, and then 

increased again, with highest incidence in people ≥65 years at transplantation (Table 2). 

Incidence of systemic NHLs was lower among females compared to males, and among non-

Hispanic blacks and Hispanics compared to non-Hispanic whites. In contrast with PCNSL, 

high incidence of systemic NHLs was observed among liver (aIRR=1.35; 95%CI=1.19–

1.52), heart and/or lung (aIRR=2.05; 95%CI=1.83–2.29), and other/multiple organ recipients 

(aIRR=1.88; 95%CI=1.56–2.25), compared to kidney recipients. Incidence declined with 

calendar year of transplant (aIRR=1.53 for 1987–1994 and aIRR=0.74 for 2010–2014, vs. 

2000–2004). Risk of systemic NHLs was elevated with induction immunosuppression using 

alemtuzumab (aIRR=1.56; 95%CI=1.18–2.07) or monoclonal antibody (aIRR=1.28; 

95%CI=1.08–1.53) but not with polyclonal antibody or IL-2 receptor antagonists, compared 

to no induction drugs. Similar to PCNSL, higher incidence of systemic NHLs was observed 

in EBV-seronegative recipients (aIRR=3.01; 95%CI=2.57–3.52). The pattern with respect to 

time since transplant was similar between PCNSL and systemic NHL (Figure 1), although 

the magnitude of the peak in the early post-transplant period was lower in systemic NHL. 

The patterns for PCNSL and systemic NHL differed for age at transplantation (p=0.010), 

race/ethnicity (p=0.024), transplanted organs (p<0.001), year of transplantation (p=0.024), 

induction immunosuppression (p=0.017), and time since transplantation (p=0.001) (Table 2).

EBV status of the tumors could be ascertained for 48 (28.6%) PCNSLs and 771 (37.7%) 

systemic NHLs. Of these, 43 (90%) PCNSL cases were EBV positive compared to 462 

(60%) systemic NHL cases (p<0.0001).

PCNSL was associated with increased risk of death (aHR=11.79; 95%CI=9.37–14.83), graft 

failure/retransplantation (aHR=3.24; 95%CI=2.19–4.78), and the combined endpoint of 

death/graft failure/retransplantation (aHR=7.01; 95%CI=5.75–8.55), compared to transplant 

recipients without any NHL. An elevated risk of these outcomes was also observed after 

diagnosis of systemic NHLs, but the increase was smaller (Table 3). In an analysis that 

ignored graft failure and continued to follow NHL patients across multiple transplants, 

recipients with PCNSL had increased risk of death compared to those with systemic NHLs 

(aHR=1.48; 95%CI=1.14–1.92) (Figure 2). We further evaluated the receipt of treatment 

after NHL diagnosis and its effect on survival in an analysis restricted to registries that 

provided treatment information (Table S2). Of the 117 PCNSL cases, 19 (16.2%) received 

neither chemotherapy nor radiation, 17 (14.5%) received only radiation, 31 (26.5%) received 

only chemotherapy, 24 (20.5%) received both, and treatment information on 26 (22.2%) 

cases was unknown. After additional adjustment for cancer treatment, PCNSL remained 

associated with increased risk of death compared to systemic NHLs (aHR=1.41; 

95%CI=1.08–1.85). The median survival times after PCNSL and systemic NHL diagnosis 

were 1.1 and 2.7 years, respectively, while the 5-year overall survival rates for PCNSL and 

systemic NHL were 35% (95%CI=24–47%) and 43% (95%CI=40–46%), respectively.
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DISCUSSION

Solid organ transplant recipients have an increased risk of cancers, including NHLs, largely 

due to iatrogenic immunosuppression (2). In a comprehensive analysis of a large cohort of 

solid organ transplant recipients, we demonstrate that PCNSL incidence is substantially 

elevated in transplant recipients compared to the general population. We identified that 

incidence is higher among transplant recipients who receive certain induction 

immunosuppression regimens and those who are EBV-seronegative at the time of transplant. 

In addition, a large fraction of PCNSL tumors were EBV-positive. These results highlight 

the likely etiologic roles of iatrogenic immunosuppression and EBV infection in the post-

transplant period in contributing to the development of PCNSL. We also demonstrated that 

both systemic NHL and PCNSL adversely affect survival in transplant recipients, but 

PCNSL carries a worse prognosis.

PCNSL is a rare malignancy and its risk is highly elevated in immunosuppressed individuals 

such as HIV-infected people (7). Several case series have described primary CNS 

involvement in PTLDs diagnosed after solid organ transplantation (9, 10, 20, 21, 25–27). 

However, very few reports in transplant recipients focused on PCNSLs, which are extranodal 

NHLs and thus comprise a subset of monomorphic PTLDs (17, 18). PCNSL is a distinct 

clinicopathological disease compared to systemic non-CNS NHLs and the 2008 World 

Health Classification of lymphoid neoplasms defined “Primary CNS DLBCL” as a new 

entity (28).

In particular, PCNSLs differ in their gene expression and genomic profile compared to 

systemic NHL (29–33). PCNSL tumor cells are characterized by downregulation or loss of 

expression of HLA class I and II genes which may help them escape immune surveillance 

(29, 32, 33). Along with the vascular endothelial cells in the CNS, these tumor cells also 

express high levels of interleukin-4 and STAT6 which support B-cell growth (30). A 

genome-wide gene expression comparison between PCNSL and non-CNS DLBCL 

identified several signatures unique to PCNSL, including expression of genes related to 

extracellular matrix and cellular adhesion pathways leading to CNS tropism, B-cell 

migration, lymphoproliferation, and aggressive clinical features (31). In this study, we found 

some differences in between transplant recipients who developed PCNSL and those with 

systemic NHL in terms of demographic characteristics, transplanted organs, induction 

immunosuppression, and time since transplantation, further suggesting that PCNSL and 

systemic NHL are etiologically distinct entities.

For instance, we did not observe an association between age at transplantation and PCNSL 

incidence independent of recipients’ EBV serostatus, which may be due to the small number 

of PCNSL cases. Nonetheless, a distinct pattern was observed for systemic NHL, where the 

incidence was high in the youngest (0–17 years) and the oldest (65+ years) age groups. 

Associations between age and NHL risk in transplant recipients have been described 

previously (16, 34), and might be related to control of primary EBV infection in children or 

processes related to aging in older adults. EBV-seronegative transplant recipients have a high 

risk of acquiring the infection in the post-transplant period (35, 36). Prolonged 

immunosuppression and lack of EBV-specific T-cell immune responses may lead to 
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unchecked monoclonal expansion of EBV-infected B-cells and development of lymphoma 

(37). The elevated incidence of PCNSL among EBV-seronegative recipients in this study, 

and the increase in incidence within 1.5 years following transplant, support the role of 

primary EBV infection in contributing to PCNSL. Similar findings have been reported 

previously for NHLs overall and DLBCL in transplant recipients (22, 34, 38–40), although 

in our study, the pattern for PCNSL incidence according to time since transplantation was 

stronger than for systemic NHLs.

To some extent, the pattern in PCNSL incidence also reflects the degree of 

immunosuppression among transplant recipients. The relatively high incidence associated 

with “other/multiple” organ transplants and low incidence for liver transplants may be due to 

differences in the intensity of immunosuppressive regimens. Perhaps surprisingly, however, 

recipients of a heart and/or lung did not have higher PCNSL incidence than kidney 

recipients, even though they typically receive intensive immunosuppression. Induction 

immunosuppressive drugs given immediately post-transplant to prevent acute rejection 

include anti-CD3 monoclonal antibodies (OKT3), alemtuzumab, IL-2 receptor antagonists, 

and polyclonal antibodies such as anti-thymocyte globulin (41, 42). We previously reported 

that alemtuzumab induction was associated with an increased risk of NHL, colorectal 

cancer, and thyroid cancer among kidney recipients (43). Herein, we demonstrated that 

PCNSL risk was increased after induction with alemtuzumab, monoclonal antibodies, and 

polyclonal antibodies. The incidence of systemic NHL was also increased after 

alemtuzumab and monoclonal antibodies, but not polyclonal antibodies, although it is 

unclear why this pattern differs between PCNSL and systemic NHL.

We also showed that Asians/Pacific Islanders had more than twice the incidence of PCNSL 

compared with non-Hispanic whites, while the incidence of systemic NHL was highest 

among non-Hispanic whites. The reason for this difference is unknown. A previous analysis 

of SEER data found that PCNSL incidence was similar for non-Hispanic whites and Asians/

Pacific Islanders in adults over 50 years of age in the US general population (a largely 

immunocompetent population among whom the prevalence of HIV-infected individuals and 

transplant recipients is low) (44). Similar analyses for younger individuals in the US 

population (0–49 years) found a higher PCNSL risk in non-Hispanic blacks, which may be 

attributed to the higher prevalence of HIV infection in this group (44, 45).

We found that PCNSL increased the risk of death and graft failure/retransplantation in 

transplant recipients compared to recipients without any NHL. The risk was also increased 

after systemic NHL, but the magnitude was much lower. Furthermore, when we restricted 

the analysis to NHL cases, transplant recipients with PCNSL had a 1.5-fold increased risk of 

dying compared to recipients with systemic NHL. PCNSL has a low 5-year survival rate of 

30% even in immunocompetent individuals (15). The 5-year survival rate after PCNSL was 

similar among transplant recipients in our study as has been reported for immunocompetent 

individuals, but lower than for recipients with systemic NHL. PCNSL treatment is centered 

around the use of high dose methotrexate-based chemotherapy, and whole-brain 

radiotherapy (considered to be a standard-or-care till the early 1990s) is often used as a 

salvage therapy (46). Rituximab, an anti-CD20 monoclonal antibody that has been the 

mainstay of treatment of systemic NHLs, has poor CNS penetration (47, 48). Furthermore, 
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patients with renal insufficiency, older age, or poor performance status - factors that are 

often present in transplant recipients - may not be candidates for high-dose methotrexate 

therapy and may receive palliative whole-brain radiotherapy or supportive care (46). 

Mortality in PCNSL patients may be caused by involvement of CNS itself, particularly the 

deep structures within the brain (49), or delayed neurotoxic effects of therapy (50). 

Management of PCNSL in transplant recipients has an added complexity as it occurs on the 

background of iatrogenic immunosuppression. Often, the dose of immunosuppressive drugs 

may be reduced or drugs may be changed as part of the treatment for PCNSL (9), which can 

increase the risk of graft failure. We observed a three-fold elevated risk of graft failure/

retransplantation following PCNSL, which contributes to the high mortality.

A strength of our study was the use of a population-based cohort that was representative of 

US transplant recipients, and the linkage to cancer registries allowed for largely complete 

and unbiased ascertainment of NHL diagnoses. The large sample size allowed us to evaluate 

the PCNSL incidence for different patient subgroups. We were also able to compare 

incidence and outcomes for PCNSL and systemic NHLs. However, our study had some 

limitations. Due to the rarity of PCNSL, the number of cases was modest, which affected the 

precision of estimates for some subgroups. EBV serostatus was not available for many 

transplant recipients, and EBV status of the tumors could not be directly ascertained and was 

frequently missing, which precluded us from evaluating the role of this virus in detail. We 

evaluated the risk of NHLs and hence focused on monomorphic PTLD cases; a fraction of 

PTLD cases affecting the CNS are described as polymorphic PTLD (10), which we did not 

capture. Also, information on only the initial maintenance immunosuppressive therapy was 

available, so we could not evaluate the effect of changes in the medication regimen over 

time.

In conclusion, PCNSL risk is highly elevated in solid organ transplant recipients, 

particularly within the first 1.5 years after transplant. Although it is a rare malignancy, 

physicians managing the care of transplant recipients should be aware about this heightened 

risk, particularly for recipients who are EBV-seronegative at the time of transplant, and those 

who are treated with alemtuzumab, monoclonal antibodies, or polyclonal antibodies for 

induction immunosuppression. As some risk factors for PCNSL differ from that of systemic 

NHL, the possibility of etiologic heterogeneity should be explored in other populations. The 

prognosis of PCNSL in transplant recipients is poor, pointing to a need to develop improved 

therapies for this malignancy.
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References

1. Organ Procurement and Transplantation Network (OPTN) and Scientific Registry of Transplant 
Recipients (SRTR). OPTN/SRTR 2010 Annual Data Report. Rockville, MD: Department of Health 

Mahale et al. Page 9

Am J Transplant. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Human Services, Health Resources and Services Administration, Healthcare Systems Bureau, 
Division of Transplantation; 2011. 

2. Engels EA, Pfeiffer RM, Fraumeni JF Jr, Kasiske BL, Israni AK, Snyder JJ, et al. Spectrum of 
cancer risk among US solid organ transplant recipients. Jama. 2011; 306(17):1891–1901. [PubMed: 
22045767] 

3. Andreone P, Gramenzi A, Lorenzini S, Biselli M, Cursaro C, Pileri S, et al. Posttransplantation 
lymphoproliferative disorders. Arch Intern Med. 2003; 163(17):1997–2004. [PubMed: 14504111] 

4. Schabet M. Epidemiology of Primary CNS Lymphoma. J Neurooncol. 1999; 43(3):199–201. 
[PubMed: 10563423] 

5. Buell JF, Gross TG, Hanaway MJ, Trofe J, Roy-Chaudhury P, First MR, et al. Posttransplant 
lymphoproliferative disorder: significance of central nervous system involvement. Transplant Proc. 
2005; 37(2):954–955. [PubMed: 15848587] 

6. Hochberg FH, Baehring JM, Hochberg EP. Primary CNS lymphoma. Nat Clin Pract Neuro. 2007; 
3(1):24–35.

7. Gibson TM, Morton LM, Shiels MS, Clarke CA, Engels EA. Risk of non-Hodgkin lymphoma 
subtypes in HIV-infected people during the HAART era: a population-based study. Aids. 2014; 
28(15):2313–2318. [PubMed: 25111081] 

8. Hochberg FH, Miller DC. Primary central nervous system lymphoma. J Neurosurg. 1988; 68(6):
835–853. [PubMed: 3286832] 

9. Cavaliere R, Petroni G, Lopes MB, Schiff D. Primary central nervous system post-transplantation 
lymphoproliferative disorder: an International Primary Central Nervous System Lymphoma 
Collaborative Group Report. Cancer. 2010; 116(4):863–870. [PubMed: 20052713] 

10. Evens AM, Choquet S, Kroll-Desrosiers AR, Jagadeesh D, Smith SM, Morschhauser F, et al. 
Primary CNS posttransplant lymphoproliferative disease (PTLD): an international report of 84 
cases in the modern era. Am J Transplant. 2013; 13(6):1512–1522. [PubMed: 23721553] 

11. Chimienti E, Spina M, Vaccher E, Tirelli U. Management of immunocompetent patients with 
primary central nervous system lymphoma. Clin Lymphoma Myeloma. 2009; 9(5):353–364. 
[PubMed: 19858054] 

12. Castellano-Sanchez AA, Li S, Qian J, Lagoo A, Weir E, Brat DJ. Primary central nervous system 
posttransplant lymphoproliferative disorders. Am J Clin Pathol. 2004; 121(2):246–253. [PubMed: 
14983939] 

13. Leblond V, Dhedin N, Mamzer Bruneel MF, Choquet S, Hermine O, Porcher R, et al. Identification 
of prognostic factors in 61 patients with posttransplantation lymphoproliferative disorders. J Clin 
Oncol. 2001; 19(3):772–778. [PubMed: 11157030] 

14. Evens AM, David KA, Helenowski I, Nelson B, Kaufman D, Kircher SM, et al. Multicenter 
analysis of 80 solid organ transplantation recipients with post-transplantation lymphoproliferative 
disease: outcomes and prognostic factors in the modern era. J Clin Oncol. 2010; 28(6):1038–1046. 
[PubMed: 20085936] 

15. Shiels MS, Pfeiffer RM, Besson C, Clarke CA, Morton LM, Nogueira L, et al. Trends in primary 
central nervous system lymphoma incidence and survival in the U.S. Br J Haematol. 2016; 174(3):
417–424. [PubMed: 27018254] 

16. Opelz G, Dohler B. Lymphomas after solid organ transplantation: a collaborative transplant study 
report. Am J Transplant. 2004; 4(2):222–230. [PubMed: 14974943] 

17. Penn I, Porat G. Central nervous system lymphomas in organ allograft recipients. Transplantation. 
1995; 59(2):240–244. [PubMed: 7839447] 

18. Snanoudj R, Durrbach A, Leblond V, Caillard S, Hurault De Ligny B, Noel C, et al. Primary brain 
lymphomas after kidney transplantation: presentation and outcome. Transplantation. 2003; 76(6):
930–937. [PubMed: 14508356] 

19. Norden AD, Drappatz J, Wen PY, Claus EB. Survival among patients with primary central nervous 
system lymphoma, 1973–2004. J Neurooncol. 2011; 101(3):487–493. [PubMed: 20556477] 

20. Traum AZ, Rodig NM, Pilichowska ME, Somers MJ. Central nervous system lymphoproliferative 
disorder in pediatric kidney transplant recipients. Pediatr Transplant. 2006; 10(4):505–512. 
[PubMed: 16712612] 

Mahale et al. Page 10

Am J Transplant. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. Lake W, Chang JE, Kennedy T, Morgan A, Salamat S, Baskaya MK. A case series of primary 
central nervous system posttransplantation lymphoproliferative disorder: imaging and clinical 
characteristics. Neurosurgery. 2013; 72(6):960–970. discussion 970. [PubMed: 23685504] 

22. Opelz G, Daniel V, Naujokat C, Dohler B. Epidemiology of pretransplant EBV and CMV 
serostatus in relation to posttransplant non-Hodgkin lymphoma. Transplantation. 2009; 88(8):962–
967. [PubMed: 19855238] 

23. International Classification of Diseases for Oncology. Third. Geneva: World Health Organization; 
2013. First Revision

24. Chaturvedi AK, Mbulaiteye SM, Engels EA. Underestimation of relative risks by standardized 
incidence ratios for AIDS-related cancers. Ann Epidemiol. 2008; 18(3):230–234. [PubMed: 
18083545] 

25. Crane GM, Powell H, Kostadinov R, Rocafort PT, Rifkin DE, Burger PC, et al. Primary CNS 
lymphoproliferative disease, mycophenolate and calcineurin inhibitor usage. Oncotarget. 2015; 
6(32):33849–33866. [PubMed: 26460822] 

26. Gifford G, Fay K, Jabbour A, Ma DD. Primary central nervous system posttransplantation 
lymphoproliferative disorder after heart and lung transplantation. Intern Med J. 2015; 45(5):583–
586. [PubMed: 25955465] 

27. Sola-Valls N, Rodriguez CN, Arcal C, Duran C, Oppenheimer F, Ribalta T, et al. Primary brain 
lymphomas after kidney transplantation: an under-recognized problem? J Nephrol. 2014; 27(1):
95–102. [PubMed: 24469958] 

28. Campo E, Swerdlow SH, Harris NL, Pileri S, Stein H, Jaffe ES. The 2008 WHO classification of 
lymphoid neoplasms and beyond: evolving concepts and practical applications. Blood. 2011; 
117(19):5019–5032. [PubMed: 21300984] 

29. Booman M, Douwes J, Glas AM, Riemersma SA, Jordanova ES, Kok K, et al. Mechanisms and 
effects of loss of human leukocyte antigen class II expression in immune-privileged site-associated 
B-cell lymphoma. Clin Cancer Res. 2006; 12(9):2698–2705. [PubMed: 16675561] 

30. Rubenstein JL, Fridlyand J, Shen A, Aldape K, Ginzinger D, Batchelor T, et al. Gene expression 
and angiotropism in primary CNS lymphoma. Blood. 2006; 107(9):3716–3723. [PubMed: 
16418334] 

31. Tun HW, Personett D, Baskerville KA, Menke DM, Jaeckle KA, Kreinest P, et al. Pathway analysis 
of primary central nervous system lymphoma. Blood. 2008; 111(6):3200–3210. [PubMed: 
18184868] 

32. Jordanova ES, Riemersma SA, Philippo K, Giphart-Gassler M, Schuuring E, Kluin PM. 
Hemizygous deletions in the HLA region account for loss of heterozygosity in the majority of 
diffuse large B-cell lymphomas of the testis and the central nervous system. Genes Chromosomes 
Cancer. 2002; 35(1):38–48. [PubMed: 12203788] 

33. Riemersma SA, Jordanova ES, Schop RF, Philippo K, Looijenga LH, Schuuring E, et al. Extensive 
genetic alterations of the HLA region, including homozygous deletions of HLA class II genes in 
B-cell lymphomas arising in immune-privileged sites. Blood. 2000; 96(10):3569–3577. [PubMed: 
11071656] 

34. Gibson TM, Engels EA, Clarke CA, Lynch CF, Weisenburger DD, Morton LM. Risk of diffuse 
large B-cell lymphoma after solid organ transplantation in the United States. Am J Hematol. 2014; 
89(7):714–720. [PubMed: 24753070] 

35. Hanto DW, Frizzera G, Purtilo DT, Sakamoto K, Sullivan JL, Saemundsen AK, et al. Clinical 
spectrum of lymphoproliferative disorders in renal transplant recipients and evidence for the role 
of Epstein-Barr virus. Cancer Res. 1981; 41(11 Pt 1):4253–4261. [PubMed: 6272971] 

36. San-Juan R, Comoli P, Caillard S, Moulin B, Hirsch HH, Meylan P. Epstein-Barr virus-related 
post-transplant lymphoproliferative disorder in solid organ transplant recipients. Clin Microbiol 
Infect. 2014; 20(Suppl 7):109–118. [PubMed: 24475976] 

37. Hanto DW, Gajl-Peczalska KJ, Frizzera G, Arthur DC, Balfour HH Jr, McClain K, et al. Epstein-
Barr virus (EBV) induced polyclonal and monoclonal B-cell lymphoproliferative diseases 
occurring after renal transplantation. Clinical, pathologic, and virologic findings and implications 
for therapy. Ann Surg. 1983; 198(3):356–369. [PubMed: 6311121] 

Mahale et al. Page 11

Am J Transplant. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Ghobrial IM, Habermann TM, Macon WR, Ristow KM, Larson TS, Walker RC, et al. Differences 
between early and late posttransplant lymphoproliferative disorders in solid organ transplant 
patients: are they two different diseases? Transplantation. 2005; 79(2):244–247. [PubMed: 
15665775] 

39. van Leeuwen MT, Grulich AE, Webster AC, McCredie MR, Stewart JH, McDonald SP, et al. 
Immunosuppression and other risk factors for early and late non-Hodgkin lymphoma after kidney 
transplantation. Blood. 2009; 114(3):630–637. [PubMed: 19443660] 

40. Quinlan SC, Pfeiffer RM, Morton LM, Engels EA. Risk factors for early-onset and late-onset post-
transplant lymphoproliferative disorder in kidney recipients in the United States. Am J Hematol. 
2011; 86(2):206–209. [PubMed: 21264909] 

41. Denton MD, Magee CC, Sayegh MH. Immunosuppressive strategies in transplantation. Lancet. 
1999; 353(9158):1083–1091. [PubMed: 10199367] 

42. Magliocca JF, Knechtle SJ. The evolving role of alemtuzumab (Campath-1H) for 
immunosuppressive therapy in organ transplantation. Transpl Int. 2006; 19(9):705–714. [PubMed: 
16918530] 

43. Hall EC, Engels EA, Pfeiffer RM, Segev DL. Association of antibody induction 
immunosuppression with cancer after kidney transplantation. Transplantation. 2015; 99(5):1051–
1057. [PubMed: 25340595] 

44. Pulido JS, Vierkant RA, Olson JE, Abrey L, Schiff D, O'Neill BP. Racial differences in primary 
central nervous system lymphoma incidence and survival rates. Neuro Oncol. 2009; 11(3):318–
322. [PubMed: 19273630] 

45. Villano JL, Koshy M, Shaikh H, Dolecek TA, McCarthy BJ. Age, gender, and racial differences in 
incidence and survival in primary CNS lymphoma. Br J Cancer. 2011; 105(9):1414–1418. 
[PubMed: 21915121] 

46. Deckert M, Engert A, Bruck W, Ferreri AJ, Finke J, Illerhaus G, et al. Modern concepts in the 
biology, diagnosis, differential diagnosis and treatment of primary central nervous system 
lymphoma. Leukemia. 2011; 25(12):1797–1807. [PubMed: 21818113] 

47. Shah GD, Yahalom J, Correa DD, Lai RK, Raizer JJ, Schiff D, et al. Combined 
immunochemotherapy with reduced whole-brain radiotherapy for newly diagnosed primary CNS 
lymphoma. J Clin Oncol. 2007; 25(30):4730–4735. [PubMed: 17947720] 

48. Rubenstein JL, Combs D, Rosenberg J, Levy A, McDermott M, Damon L, et al. Rituximab therapy 
for CNS lymphomas: targeting the leptomeningeal compartment. Blood. 2003; 101(2):466–468. 
[PubMed: 12393404] 

49. Ferreri AJ, Blay JY, Reni M, Pasini F, Spina M, Ambrosetti A, et al. Prognostic scoring system for 
primary CNS lymphomas: the International Extranodal Lymphoma Study Group experience. J Clin 
Oncol. 2003; 21(2):266–272. [PubMed: 12525518] 

50. DeAngelis LM, Seiferheld W, Schold SC, Fisher B, Schultz CJ. Combination chemotherapy and 
radiotherapy for primary central nervous system lymphoma: Radiation Therapy Oncology Group 
Study 93-10. J Clin Oncol. 2002; 20(24):4643–4648. [PubMed: 12488408] 

Mahale et al. Page 12

Am J Transplant. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Risk of primary CNS lymphoma and systemic non-Hodgkin lymphomas in solid organ 
transplant recipients, according to time since transplantation
The figure plots the adjusted incidence rate ratios (y-axis) for primary CNS lymphoma and 

systemic non-Hodgkin lymphomas in solid organ transplant recipients according to time 

since transplantation in years (x-axis). The comparison time period is 0.01 to 0.50 years after 

transplant, and the rate ratios were estimated at 0.51–1.00, 1.01–1.49, 1.50–2.00, 2.01–3.00, 

3.01–5.00, 5.01–10.00, and >10.00 years after transplant. The adjusted incidence rate ratios 

are from the multivariable model in Table 1 and are plotted at the midpoint of each time 

interval. CNS, central nervous system; IRR, incidence rate ratio; NHL, non-Hodgkin 

lymphoma.
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Figure 2. Survival after diagnosis of primary CNS lymphoma or systemic non-Hodgkin 
lymphomas in solid organ transplant recipients
The figure shows Kaplan-Meier curves that represent the probability of survival after 

diagnosis of primary CNS lymphoma or systemic non-Hodgkin lymphomas in solid organ 

transplant recipients. The probability of survival is plotted on the y-axis, while the follow-up 

time after a diagnosis of the non-Hodgkin lymphomas is depicted on the x-axis. The hazard 

ratio is adjusted for age at transplantation, sex, race/ethnicity, year of transplantation, and 

organ transplanted. CI, confidence intervals; CNS, central nervous system; HR, hazard ratio; 

NHL, non-Hodgkin lymphoma
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Table 1

Characteristics of US solid organ transplants included in the study population

Characteristics Number of transplants
(%)

Total 288,029 (100)

Age at transplantation, years

  0–17 21,121 (7.3)

  18–34 44,001 (15.3)

  35–49 86,250 (29.9)

  50–64 108,506 (37.7)

  65+ 28,151 (9.8)

Sex

  Male 176,853 (61.4)

  Female 111,176 (38.6)

Race/ethnicity

  Non-Hispanic white 179,699 (62.4)

  Non-Hispanic black 50,073 (17.4)

  Hispanic 42,684 (14.8)

  Asians/Pacific Islander 15,573 (5.4)

Organ transplanted

  Kidney 167,207 (58.0)

  Liver 62,405 (21.7)

  Heart and/or Lung 41,496 (14.4)

  Other/Multiple 16,921 (5.9)

Year of transplantation

  1987–1994 44,128 (15.3)

  1995–1999 59,657 (20.7)

  2000–2004 73,225 (25.4)

  2005–2009 82,152 (28.5)

  2010–2014 28,867 (10.0)

Participating registries with years of coverage: California (1988–2012), Colorado (1988–2009), Connecticut (1973–2009), Florida (1981–2009), 
Georgia (1995–2010), Hawaii (1973–2007), Illinois (1986–2013), Iowa (1973–2009), Kentucky (1995–2011), Michigan (1985–2009), New Jersey 
(1979–2010), New York (1976–2010), North Carolina (1990–2010), Pennsylvania (1985–2013), Seattle-Puget sound area of Washington (1974–
2014), Texas (1995–2010), and Utah (1973–2008).
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