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Abstract 
 
Post-transplant lymphoproliferative disorders (PTLD) are iatrogenic immune deficiency-associated lymphoid/plasmacytic 
proliferations developing due to immunosuppression in solid organ or hematopoietic stem cell allograft patients. PTLD 
are characterized by abnormal proliferation of lymphoid cells and have a heterogeneous clinical behavior. We profiled 
expression of >700 tumor microenvironment (TME)-related genes in 75 post-transplant aggressive B-cell lymphomas (PT-
ABCL). Epstein-Barr virus (EBV)-positive PT-ABCL clustered together and were enriched for type I interferon pathway and 
antiviral-response genes. Additionally, a cytotoxicity gene signature associated with EBV-positivity and favorable overall 
survival (OS) (hazard ratio =0.61; P=0.019). In silico immunophenotyping revealed two subgroups with distinct immune cell 
compositions. The inflamed subgroup with higher proportions of immune cells had better outcome compared to non-
inflamed subgroup (median OS >200.0 vs. 15.2 months; P=0.006). In multivariable analysis with EBV status, International 
Prognostic Index, and rituximab-containing treatment, inflamed TME remained as an independent predictor for favorable 
outcome. We also compared TME between post-transplant and immunocompetent host diffuse large B-cell lymphomas  
(n=75) and discovered that the proportions of T cells were lower in PT-diffuse large B-cell lymphomas. In conclusion, we 
provide a comprehensive phenotypic characterization of PT-ABCL, highlighting the importance of immune cell 
composition of TME in determining the clinical behavior and prognosis of PT-ABCL. 
 

Introduction 
Post-transplant lymphoproliferative disorder (PTLD) is a rare 
complication and a leading cause of cancer-related mortal-
ity following solid organ or allogeneic hematopoietic stem 
cell transplantation.1 PTLD are characterized by abnormal 
proliferation of lymphoid cells associated with immunosup-
pression and are classified in distinct histological categories 
(non-destructive, polymorphic, monomorphic) with hetero-
geneous clinical behavior.2-4 The majority of monomorphic 
PTLD are aggressive B-cell lymphomas. The treatment of 
PTLD depends on the histological type and may include re-
duction of immunosuppressive therapy, usually combined 
with immunotherapy and chemotherapy.5,6 

A substantial proportion (60-80%) of PTLD are associated 
with Epstein-Barr virus (EBV) positivity.7,8 As a result of im-
munosuppression, EBV can promote B-cell proliferation, 
and potentially transformation, in an unregulated fashion. 
Typically, EBV-positive PTLD arising in the setting of im-
munosuppression are associated with a latency type III 
viral gene expression program and express a wide range 
of EBV genes, including Epstein-Barr nuclear antigens 
(EBNA), EBV-encoded small RNA (EBER), and latent mem-
brane proteins (LMP).5 In contrast, the pathogenesis of 
EBV-negative PTLD is less understood, and EBV-negative 
PTLD are considered to resemble lymphomas arising in 
immunocompetent hosts. EBV-positive and EBV-negative 
PTLD have been shown to have distinct gene expression 
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profiles. EBV-positive PTLD is characterized by upregulation 
of antiviral immune response signaling and markers for im-
munotolerogenic microenvironment, such as programmed 
cell death receptor 1 ligand (PD-L1), indoleamine 2,3-di-
oxygenase 1 (IDO1), and M2-like macrophage marker 
CD163.9,10  
The composition and function of the tumor microenviron-
ment (TME) has been shown to have a major impact on 
development and prognosis of non-immunosuppression-
associated lymphomas.11 Data on the TME in PTLD are 
more limited, not least because of the rarity of the dis-
ease. In addition to the EBV-induced changes in the im-
mune response, the TME in PTLD is markedly affected by 
the immunosuppressive therapy, which results in an im-
pairment of T-cell immunity. The graft organ also causes 
chronic immune stimulation through chronic antigen 
presentation, and prolonged graft-mediated interaction 
between donor-derived host cells.12  
In this study, we profiled the expression of over 700 TME-
related genes in 75 monomorphic post-transplant aggres-
sive B-cell lymphomas (PT-ABCL) and correlated the 
findings with patient demographics and outcome. In addi-
tion, we compared the TME of post-transplant diffuse large 
B-cell lymphomas (PT-DLBCL) with that found in sporadic 
DLBCL. Our data support previous studies that have found 
differences between EBV-positive and EBV-negative PT-
ABCL and provide evidence of a favorable impact of the T-
cell-inflamed TME on the survival of patients with PT-ABCL. 

Methods 
Patients and samples 
The study cohort included 75 patients with PT-ABCL diag-
nosed between 1997 and 2021 at the Helsinki (Finland), 
Turku (Finland), Oslo (Norway) and Aarhus (Denmark) Uni-
versity Hospitals (Table 1). All patients had received solid 
organ transplants and were >16 years old at the time of 
PTLD diagnosis. The histopathological diagnoses of all cases 
were reviewed and confirmed by expert hematopathologists 
and classified according to the World Health Organization 
classification of the lymphoid neoplasms (2016 revision).4 
All study cases met the morphological and immunopheno-
typical criteria for the diagnosis of monomorphic PTLD. In 
particular, cases of non-destructive PTLD and polymorphic 
PTLD were excluded. Further details of the patients and 
their treatment are provided in the Online Supplementary 
Appendix. The study protocol, including biobanking, was ap-
proved in Finland by Helsinki Biobank permission 
(HUS/190/2018), the Ethics Committee of the Helsinki Uni-
versity Hospital (194/13/03/00/16 and 1916/2018§108), and 
by the National Institution for Health and Welfare 
(THL/1001/5.05.00/2016), in Norway by the Regional Com-
mittee for Medical and Health Research Ethics South-East 

(191426) and in Denmark by the Aarhus University Hospital 
Ethics Committee (M-2021-45-21).  
The cohort of immunocompetent host DLBCL included 
75 samples from patients with sporadic high-risk DLBCL 
not-otherwise-specified (NOS) treated in the Nordic 
LBC-05 and LBC-04 trials with biweekly R-CHOEP (ri-

Characteristics N (%)

Patients 75 (100)

Sex 
Female 
Male

 
27 (36) 
48 (64)

Age in years at PTLD diagnosis, 
median (range) 

<60 
≥60

56 (16-76) 
 

47 (63) 
28 (37)

Histology 
DLBCL, NOS 

GCB 
Non-GCB 
NA 

PCNSL 
Burkitt 
HGBL-triple hit

 
59 (79) 
15 (26) 
19 (32) 
25 (42) 
9 (12) 
6 (8) 
1 (1)

Stage 
Early (1-2) 
Advanced (3-4) 
NA

 
30 (40) 
36 (48) 
9 (12)

IPI 
Low (0–2) 
High (3–5) 
NA

 
32 (43) 
34 (45) 
9 (12)

EBER 
Positive 
Negative 
NA

 
42 (56) 
26 (35) 

7 (9)

Time from transplantation to PTLD in years, 
median (range) 

<1 
1-5 
>5

9 (0.1–34) 
 

14 (19) 
16 (21) 
45 (60)

Transplant 
Kidney 
Liver 
Heart 
Lung 
Kidney + Pancreas 
Lung + Heart 
NA

 
36 (48) 
8 (12) 
16 (22) 
10 (13) 

3 (4) 
1 (1) 
1 (1)

Rituximab-containing treatment 
Yes 
No 
NA

 
53 (71) 
21 (28) 

1 (1)

Table 1. The Nordic post-transplant aggressive B-cell lymphoma 
cohort.

PTLD: post-transplant lymphoproliferative disorder; DLBCL, NOS: dif-
fuse large B-cell lymphoma, not otherwise specified; GCB: germinal 
center B cell; PCNSL: primary central nervous system lymphoma; 
HGBL: high-grade B-cell lymphoma; NA: not assigned; IPI: International 
Prognostic Index; EBER: Epstein-Barr virus-encoded small RNA.

Haematologica | 108 November 2023 

3045

ARTICLE - PTLD tumor microenvironment S. Leivonen et al.



tuximab, cyclophosphamide, doxorubicin, etoposide and 
prednisone) immunochemotherapy and systemic central 
nervous system (CNS) prophylaxis (high-dose methotre-
xate and cytarabine).13,14 The gene expression profiling re-
sults for these DLBCL patients have been previously 
described.15  

Gene expression profiling 
RNA isolation and gene expression profiling are described 
in detail in the Online Supplementary Appendix. Briefly, 
RNA was extracted from formalin-fixed paraffin-em-
bedded (FFPE) lymphoma blocks and subjected to gene 
expression analysis utilizing the Nanostring nCounter plat-
form with the Human PanCancer Immunoprofiling Panel 
codeset (XT-CSO-HIP1-12, NanoString Technologies, Seat-
tle, WA). 

Immune cell phenotyping 
For in silico immune cell phenotyping, we applied the CI-
BERSORTx algorithm,16,17 which uses a set of reference 
gene expression values (an LM22 signature matrix of 547 
genes) to infer the cell type proportions from gene ex-
pression data. In order to run CIBERSORTx, normalized 
gene expression data were uploaded to the CIBERSORTx 
web portal (http://cibersortx.stanford.edu/) and the algo-
rithm run using the default LM22 signature matrix at 100 
permutations. 
Details on the multiplex immunohistochemistry (mIHC) 
stainings are provided in the Online Supplementary Ap-
pendix. 

Statistical analysis 
All data analysis was performed using R version 4.0.2. Un-

Figure 1. Unsupervised clustering of post-transplant aggressive B-cell lymphoma samples. The heatmap visualizes unsupervised 
hierarchical clustering of the immune panel gene expression data from 75 post-transplant aggressive B-cell lymphoma (PT-ABCL) 
samples. Z-score transformed levels of gene expression are depicted according to the color scale shown. Rows represent genes 
and columns represent samples from PT-ABCL patients. NA: not assigned; IPI: International Prognostic Index; EBER: Epstein-
Barr virus-encoded small RNA; pos: positive; neg: negative; HGBL: high-grade B-cell lymphoma; DLBCL: diffuse large B-cell lym-
phoma; CNS: central nervous system. 
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supervised clustering with Euclidean distance and ward. 
D linkage was carried out by the “pheatmap” package. The 
R package “limma” was utilized for differential gene ex-
pression analysis, whereas Wilcoxon rank sum test and 
Kruskall-Wallis tests were used for non-parametric com-
parisons between two or more groups, respectively. The 
Fisher’s exact test was used to assess whether differ-
ences in dichotomous clinical variables were significant 
between groups. P values were corrected for multiple 
testing using the Benjamin-Hochberg method. For survival 
analysis, Kaplan-Meier estimates with log-rank test, as 
well as Cox univariable and multivariable regression analy-
sis were used. 

Results 
Baseline characteristics and patients outcome  
Baseline characteristics of the PT-ABCL patients (n=75) 
are presented in Table 1. Majority of the cases (n=59, 
79%) had DLBCL histology. In addition, there were nine 
(12%) PCNSL, six (8%) Burkitt lymphomas, and one tri-
ple-hit high-grade B-cell lymphoma. In total, 56% of the 
PT-ABCL were EBV-positive, 35% were EBV-negative, and 
in 9% the EBV status was unknown. The time from 
transplantation to PTLD was highly dependent on the 
EBV status (linear regression P=4.86e-05) and all pa-
tients with early-onset disease (<1 year from transplan-
tation, n=14, 19%) were EBV-positive. The median time 
from organ transplant to lymphoma diagnosis was 9.0 
years (range, 0.1-34.0), and the median follow-up time 
was 10.7 years (interquartile range [IQR], 6.0-13.8). The 
median overall survival (OS) after lymphoma diagnosis 
was 4.3 years (IQR, 0.3-infinite) and median progression-
free survival (PFS) was 2.8 years (IQR, 0.3-infinite). 
Younger age (<60 years), low IPI (0-2) and early stage (1-
II) were associated with better OS and PFS (Online Sup-
plementary Figure S1A, B), whereas the EBV status, type 
of the transplanted organ, and PTLD histology were not 
significantly associated with the outcome. Patients with 
earlier onset of the disease (<5 years) had a better out-
come, but the result was not statistically significant 
(Online Supplementary Figure S1A, B).  

Gene expression profile of post-transplant aggressive 
B-cell lymphomas 
Gene expression profiling demonstrated a high degree of 
heterogeneity and variation in the immune response pro-
file among PT-ABCL (Figure 1). Two major clusters were 
identified, and majority of the EBV-positive samples 
(71%, 30/42) clustered together, but the other clinical 
factors were not segregated into their own groups based 
on the gene expression. Most of the post-transplant Bur-
kitt lymphomas formed their own subcluster character-

ized by low expression of genes, which typically distin-
guish Burkitt lymphomas from DLBCL, such as NF-kB 
target gene and MHC class I signature18 (Online Supple-
mentary Figure S2). On the contrary, post-transplant 
PCNSL with DLBCL histology shared the gene expression 
profile with a subset of PT-DLBCL (Figure 1; Online Sup-
plementary Figure S3). This is in line with previous re-
ports showing that according to their gene expression 
profile, PCNSL do not differ markedly from systemic 
DLBCL with regard to their gene expression profile but 
are instead distributed within the spectrum of DLBCL.19 
However, since PCNSL are clinically considered to be a 
distinct entity with poor prognosis,20 we excluded these 
cases from further analyzes. 

Differential profiles between Epstein-Barr virus-
positive and Epstein-Barr virus-negative post-
transplant aggressive B-cell lymphomas 
EBV status plays a major role in the development of 
PTLD.21 Since unsupervised clustering analysis indicated 
that EBV-positive and EBV-negative cases have distinct 
gene expression profiles (Figure 1), we explored the dif-
ferentially expressed genes based on the EBV status. EBV-
negative cases were characterized by expression of the 
MHC class II genes (HLA-DMB, HLA-DMA, HLA-DOB) as 
well as B-cell development-associated genes, such as 
MS4A1, CD79B, and SYK, whereas in EBV-positive cases 
type I interferon signaling pathway and antivirus response 
genes, including IFITM1, ISG15, MX1, and IFI35, were en-
riched (Figure 2A, B; Online Supplementary Table S1). In 
addition, genes previously shown to associate with EBV 
positivity, IDO1 and granzymes (GZMB, GZMH, GZMA),9,22 
were upregulated in EBV-positive cases. 
Gene expression-based in silico deconvolution of the pro-
portions of distinct immune cells indicated that EBV-
negative PT-ABCL had a higher proportion of B cells and 
follicular T helper (TFH) cells, whereas in EBV-positive PT-
ABCL proportions of infiltrating T cells, especially memory 
CD4 T cells, and plasma cells were higher (Figure 2C). No 
significant differences in the proportions of macrophages 
were found (data not shown).  

Cytotoxicity gene signature predicts better outcome 
Next, we focused on specific gene signatures in the Na-
nostring immune panel and extracted genes for the cyto-
toxic signature: HLA-A, HLA-B, HLA-C, GZMA, GZMB, 
GZMH, GZMK, GZMM, GNLY, and PRF1. Interestingly, we no-
ticed that expression of the cytotoxic signature divided 
the patients into three distinct groups (Figure 3A), of 
which the high cytotoxicity group was associated with 
EBV positivity and earlier onset of the disease (Online 
Supplementary Table S2). The group with the highest 
cytotoxicity signature expression had significantly better 
OS compared with the low or intermediate groups (ha-
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zard ratio [HR] =0.61; 95% confidence interval [CI]: 0.40-
0.92; P=0.019) (Figure 3B), suggesting that the inflamma-
tion status of the TME plays a role in the prognosis of 

PTLD. In contrast, the cytotoxic signature was not associ-
ated with outcome in sporadic DLBCL (Online Supple-
mentary Figure S4). 

A

B

Continued on following page.
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Post-transplant aggressive B-cell lymphoma patients 
with T-cell-inflamed tumor microenvironment have 
better outcome 
In order to characterize the immune cell landscape of PT-
ABCL in more detail, we performed unsupervised hier-
archical clustering with CIBERSORTx deconvoluted 
immune cell types (Figure 4A). PT-ABCL clustered into two 
main groups: the smaller group (n=23, 35%) with inflamed 
TME was characterized by the presence of T cells, M1- and 
M2-like macrophages, and NK cells, but low B-cell pro-
portions, whereas the non-inflamed group (n=43, 65%) 
had low proportions of T cells, higher macrophage/T-cell 
ratio, and high proportions of B cells. The inflamed sub-
group was also enriched for the cytotoxic gene signature 
(Figure 4A). In silico-estimated cell proportions cor-
related well with multiplex immunohistochemistry 
stainings, which were available for a small subset of pa-
tients, corroborating the CIBERSORTx data (Figure 4B; 
Online Supplementary Figure S5). The inflamed subgroup 
was associated with EBV positivity (P=0.008) and with 
earlier onset of PTLD following transplantation (P=0.004) 
(Table 2). The type of transplant organ was not associ-
ated with the inflammation status of the TME (P=0.206), 
nor did the main immune cell types differ by the trans-
plant organ (Online Supplementary Figure S6). In line 
with previous studies on DLBCL and other lymphomas,23-

27 inflamed PT-ABCL TME translated to better outcome 
(median OS >200.0 vs. 15.2 months; P=0.006; median 
PFS 89.0 vs. 14.4 months, P=0.049) (Figure 4C; Online 
Supplementary Figure S7). In multivariable analysis with 
EBV status, IPI and rituximab-containing treatment, the 
inflamed TME remained as an independent predictor for 

favorable OS and PFS (Figure 4D). This highlights the im-
portance of the TME also in PTLD despite the immuno-
suppressive treatment.  
Of the individual immune cells, the presence of resting 
dendritic cells (OS: HR=2.7; 95% CI: 1.3-5.5; P=0.008, and 
PFS: HR=2.5; 95% CI: 1.2-5.2; P=0.013) and activated 
mast cells (OS: HR=5.4; 95% CI: 1.8-16.0; P=0.009, and 
PFS: HR=4.8; 95% CI: 1.7-14, P=0.004) translated to un-
favorable outcome, whereas regulatory T cells were as-
sociated with longer survival (OS: HR=0.05; 95% CI: 
0.0-0.8; P=0.035, and PFS: HR=0.1; 95% CI: 0.1-1.0; 
P=0.046) (Online Supplementary Table S3A, B). In multi-
variable analysis with rituximab-containing treatment 
and IPI, activated mast cells remained as independent 
predictors for worse, and regulatory T cells (Tregs) for 
improved, OS and PFS (Online Supplementary Table 
S3C). 

Comparison of post-transplant diffuse large B-cell 
lymphomas with sporadic diffuse large B-cell 
lymphomas 
We next compared the PT-DLBCL (n=59) with DLBCL-
NOS of immunocompetent hosts (n=75). Regarding clini-
cal characteristics of the two cohorts, the sporadic 
DLBCL cohort was enriched for high-risk, advanced-
stage patients, whereas neither age nor IPI were signifi-
cantly different between the cohorts (Online 
Supplementary Table S4). Interestingly, principal com-
ponent analysis and unsupervised clustering of the gene 
expression data indicated that PT-DLBCL did not form 
their own subgroup, but rather clustered closely with 
sporadic DLBCL (Figure 5A; Online Supplementary Figure 

Figure 2. Differential gene expression based on the Epstein-Barr virus status of post-transplant aggressive B-cell lymphoma. (A) Vol-
cano plot showing differentially expressed genes by the Epstein-Barr virus (EBV) status. The genes with log2 fold change >0 have 
higher expression in EBV-positive post-transplant aggressive B-cell lymphoma samples (PT-ABCL), whereas the genes with log2 fold 
change <0 have higher expression in EBV-negative PT-ABCL. (B) Unsupervised hierarchical clustering of the differentially expressed 
genes with adj. P<0.05. (C) The proportions of 22 distinct immune cell types were estimated with the CIBERSORTx algorithm. The box-
plots show the main cell types with significantly different proportions in EBV-positive vs. EBV-negative PT-ABCL (Mann-Whitney test). 
NA: not assigned; IPI: International Prognostic Index; EBER: Epstein-Barr virus-encoded small RNA; pos: positive; neg: negative; HGBL: 
high-grade B-cell lymphoma; DLBCL: diffuse large B-cell lymphoma. 
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Figure 3. Cytotoxicity gene signature predicts better outcome in post-transplant aggressive B-cell lymphoma. (A) Heatmap 
showing the unsupervised hierarchical clustering of genes associated with cytotoxicity. (B, C) Kaplan-Meier plots with the overall 
survival (OS) (B) and progression-free survival (PFS). (C) Estimates of high, intermediate, and low expression of the cytotoxic sig-
nature. HR: hazard ratio. NA: not assigned; IPI: International Prognostic Index; EBER: Epstein-Barr virus-encoded small RNA; pos: 
positive; neg: negative; HGBL: high-grade B-cell lymphoma; DLBCL: diffuse large B-cell lymphoma.
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S8A). However, based on the first principal component, 
EBV-positive PT-DLBCL were more distinct from DLBCL 
compared with EBV-negative PT-DLBCL (Online Supplemen-
tary Figure S8B). Despite the similarities, a supervised 
analysis identified a gene signature, which could separate 
PT-DLBCL from sporadic DLBCL (Figure 5B, C). Genes having 
higher expression in sporadic DLBCL were enriched for T-
cell signaling and T cell-related pathways (e.g., CD4, FOXP3, 
HLA genes), indicating that T-cell proportions are lower in 
PT-DLBCL (Online Supplementary Table S5). Indeed, this was 
verified by CIBERSORTx analysis, which confirmed that PT-
DLBCL have lower proportions of T cells, in particular TFH 
cells and γδ T cells, and resting mast cells (Figure 5D; Online 
Supplementary Figure S8C). In contrast, the proportions of 
NK cells, dendritic cells, plasma cells, and activated mast 
cells were higher in PT-DLBCL compared with sporadic 
DLBCL. 

Discussion 
PTLD represent a heterogeneous spectrum of diseases 
ranging from early lesion and polymorphic lymphoprolif-
eration to monomorphic lymphoma.2,3 PTLD also comprise 
various histologic subtypes, of which DLBCL is the most 
common. In this study, we focused on profiling the TME 
of 75 PT-ABCL utilizing digital gene expression profiling 
complemented with in silico phenotyping of TME-associ-
ated immune cells. To our knowledge, this is one of the 
largest gene expression profiling studies so far conducted 
on PTLD. Recently, a multidimensional characterization of 
PTLD TME and virome presented distinct immunogenomic 
features reflecting divergent PTLD biology.28 Here, we 
show that the PT-ABCL TME is heterogenous and can be 
classified as inflamed and non-inflamed according to the 
proportions of distinct immune cells. Although the PT-

ABCL TME is affected by the immunosuppressive therapy, 
a subset of patients displayed higher expression of cyto-
toxicity gene signature and an inflamed TME rich in T 
cells, translating to improved survival. Interestingly, the 
patient subgroup with low cytotoxicity signature ex-
pressed higher levels of B-cell receptor associated genes 
(PAX5, CD79A/B, CD19, MS4A1, SYK, BTK; data not shown), 
allowing speculation that these patients could benefit 
from targeted therapies, such as CD79B-targeting polatu-
zumab-vedotin,29-31 CD19-targeting tafasitamab in com-
bination with lenalidomide,32-34 and SYK inhibitors.35,36  
The subgroup with the inflamed TME was enriched for 
EBV-positive cases, which is in accordance with previous 
findings suggesting that T cells react to the EBV antigens 
and are attracted to the site of the lymphoma.22 In addi-
tion, EBV-positive and EBV-negative PTLD have been 
shown to form distinct entities with differences in the ge-
nomic and transcriptomic profiles.9,22,37 However, in line 
with other studies,38-40 EBV status itself was not prognostic 
in our cohort, suggesting that the favorable effect of the 
inflamed TME did not just reflect the EBV status. This was 
also supported by the multivariable analysis, which dem-
onstrated that the inflamed TME was independent of IPI 
and EBV status in predicting favorable outcome. 
We also compared TME between PT-DLBCL and sporadic 
DLBCL. Our data indicate that PT-DLBCL and sporadic 
DLBCL do not cluster into distinct subgroups based on 
the immune response gene expression or TME character-
istics. In general, sporadic DLBCL had higher proportions 
of T cells, and their gene expression profile was enriched 
for T-cell-related genes. The lack of T cells in the PT-
DLBCL was even more evident, when EBV-negative PT-
DLBCL were compared with sporadic DLBCL. This 
represents the main difference between PT-DLBCL and 
sporadic DLBCL and associates with the immunosup-
pressive treatment of PTLD. In previous studies, EBV-

Figure 4. Inflamed tumor microenvironment is associated with better survival in post-transplant aggressive B-cell lymphoma. 
(A) Heatmap visualizing the clustering of CIBERSORTx deconvoluted immune cell types. (B) Representative multiplex immunoh-
istochemistry (mIHC) images of patients with non-inflamed and inflamed tumor microenvironment (TME). The inlets show mag-
nified regions from the TMA cores, as indicated by the rectangles. Scale bar 75 µm in the images with the whole TMA cores, and 
20 µm in the inlets. (C) Kaplan-Meier overall survival (OS) and progression-free survival (PFS) estimates of the inflamed and non-
inflamed TME subclusters. (D) Forest plots visualizing the Cox regression multivariable OS (left panel) and PFS (right panel) analy-
sis of the inflamed TME subcluster with rituximab-containing treatment, International Prognostic Index (IPI) and the Epstein-Barr 
virus (EBV) status. NA: not assigned; EBER: Epstein-Barr virus-encoded small RNA; HGBL: high-grade B-cell lymphoma; DLBCL: 
diffuse large B-cell lymphoma; mo: months.
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negative PT-DLBCL have been shown to resemble DLBCL 
genomically and transcriptionally, whereas EBV-positive 
PT-DLBCL have been considered more distinct; their tran-
scriptomic profile substantially impacted by the EBV in-
fection.8,9,22,37,41 Unfortunately, EBV status of the sporadic 
DLBCL in our study was not available for comparison. 
Another limitation of our study is that it is based solely 
on gene expression profiling. Therefore, the association of 
TME on distinct genomic alterations could not be ad-
dressed. Considering that stromal signatures associate 

with distinct genomic abnormalities and outcome in 
DLBCL,42-44 it will be interesting to study the relationship 
between genomic abnormalities and microenvironmental 
signatures in PTLD as well. 
In the solid organ setting, therapy of PTLD consists of re-
duction of immunosuppression and is often followed by 
CD20 antibody rituximab in combination with chemother-
apy, such as CHOP (cyclophosphamide, doxorubicin, vincris-
tine, and prednisone). However, since the PTLD patients are 
clinically fragile, intensive chemotherapy is not the pre-

Characteristics Non-inflamed, N (%) Inflamed, N (%) P

Patients 43 (100) 23 (100)

Age in years 
<60 
≥60

 
23 (53) 
20 (47)

 
17 (74) 
6 (26)

0.122 
 

Stage 
Early (1-2) 
Advanced (3-4) 
NA

 
16 (4) 

24 (56) 
3 (7)

 
7 (30) 

10 (43) 
6 (26)

1.000 
 
 

IPI 
Low (0-2) 
High (3-5) 
NA

 
16 (37) 
24 (56) 
3 (7)

 
9 (39) 
8 (35) 
6 (26)

0.397 
 
 

EBER 
Negative 
Positive 
NA

 
21 (49) 
15 (35) 
7 (16)

 
5 (22) 

18 (78) 
0

0.008 
 
 

Histology 
DLBCL 
Burkitt 
HGBL triple hit

 
38 (89) 
4 (9) 
1 (2)

 
21 (92) 
2 (8) 

0

1.000 
 
 

Time from transplant in years to PTLD 
<1 
1-5 
5-9 
≥10

 
4 (9) 

8 (19) 
5 (12) 

26 (60)

 
10 (43) 
5 (22) 
3 (13) 
5 (22)

0.004 
 
 
 

Transplant 
Kidney 
Heart 
Liver 
Lung 
Multiorgan 
NA

 
21 (49) 
11 (25) 
6 (14) 
2 (5) 
3 (7) 

0

 
11 (48) 
4 (17) 
1 (4) 

5 (22) 
1(4) 
1 (4)

0.169 
 
 
 
 
 

Rituximab-containing treatment 
No 
Yes 
NA

 
9 (21) 

33 (77) 
1 (2)

 
5 (22) 

18 (78) 
0

1.000 
 
 

Treatment response 
CR 
PR 
SD 
PD 
NA

 
22 (51) 
4 (9) 
2 (5) 

6 (14) 
9 (21)

 
18 (78) 

0 
2 (9) 

0 
3 (13)

0.082 
 
 
 
 

NA: not assigned; IPI: International Prognostic Index; EBER: Epstein Barr-virus-encoded small RNA; DLBCL: diffuse large B-cell lymphoma; 
HGBL: high-grade B-cell lymphoma; PTLD: post-transplant lymphoproliferative disorder; CR: complete response; PR: partial response; SD: 
stable disease; PD: progressive disease.

Table 2. Patient characteristics in the non-inflamed and inflamed groups.
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ferred choice in the first-line therapy.45 In our cohort, the 
majority (71%) of the patients were treated with a rituxi-
mab-containing regimen, and over half of the patients also 
received chemotherapy. A limitation of our study was that 
information about the type of immunosuppressive therapy 

used in the PTLD patients was not available for the ana-
lyzes. Immunosuppressive therapy can have a significant 
impact on the TME in PTLD by reducing the number and 
function of immune cells within the TME and thus leading 
to a less favorable TME, which promotes lymphoma growth 

A

B

Continued on following page.
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Figure 5. Comparison of post-transplant diffuse large B-cell lymphoma with immunocompetent host diffuse large B-cell lym-
phoma. (A) Heatmap illustrating unsupervised hierarchical clustering of the immune panel gene expression in post-transplant 
lymphoproliferative disorder (PTLD) with diffuse large B-cell lymphoma (DLBCL) histology (N=59) and DLBCL from immunocom-
petent patients (N=75). (B) Volcano plot showing differentially expressed genes in post-transplant DLBCL (PT-DLBCL) compared 
to DLBCL. Genes denoted in red are significantly (adj. P<0.05) differentially expressed. Selected genes are annotated in the plot. 
(C) The heatmap visualizes clustering of PT-DLBCL and DLBCL based on the expression of the most significant (adj. P<0.0001) 
differentially expressed genes. (D) Immune cell proportions were deconvoluted by CIBERSORTx. Cell types that have differential 
levels in PT-DLBCL compared to DLBCL (P<0.05) are visualized in the heatmap. NA: not assigned; IPI: International Prognostic 
Index; EBER: Epstein-Barr virus-encoded small RNA; HGBL: high-grade B-cell lymphoma; NK: natural killer: GC: germinal center; 
NOS: not otherwise specified; COO: cell of origin. 

C

D
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and progression.12 In addition to its direct effects on immune 
cells, immunosuppressive therapy can impact the TME 
through its effects on the expression of cytokines and 
chemokines, such as interleukin-10 and interferon-γ, which 
play a critical role in regulating immune cell functions. In 
general, heart, lung, intestinal, and multi-organ transplant 
recipients are attributed to more aggressive immunosup-
pression due to severe consequences of graft failure owing 
to the rejection.46 In our study, the type of the transplant 
organ was, however, neither associated with the inflamma-
tion status of the PT-ABCL nor with the proportions of the 
distinct immune cells. 
In conclusion, we provide a comprehensive phenotypic 
characterization of PT-ABCL that highlights the impor-
tance of TME biology and in particular T-cell infiltration, 
in the clinical behavior and prognosis of PTLD. 
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