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Purpose: Follicular lymphoma (FL) is an indolent, yet generally incurable neoplasia with 
a median survival exceeding 10 years. However, a subset of FL patients experiences 
histological transformation (HT) to a more aggressive lymphoma, in the majority of cases 
to diffuse large B-cell lymphoma (DLBCL). This affects both the clinical course and the 
prognostic outcome, resulting in a markedly reduced survival after transformation. Thus, 
early risk stratification and prediction of patients at risk of HT would be highly valuable in 
the clinical setting. Here, we investigated the potential of the immune inhibitory programmed 
death 1 (PD-1) receptor as a biomarker predictive of HT.
Patients and Methods: Immunohistochemical staining and quantification by digital image 
analysis of PD-1 was performed on diagnostic tumor-tissue samples from FL patients with 
and without subsequent transformation (n=34 and n=46, respectively), and on paired samples 
from the transformed lymphoma (n=34).
Results: At the time of initial FL diagnosis, samples from patients with subsequent HT had 
significantly higher tumor-tissue expression of PD-1 compared with diagnostic FL samples 
from patients without subsequent HT (p=0.010). At the time of transformation, PD-1 
expression was significantly reduced (p<0.001). No difference was observed in intra- 
follicular PD-1 expression at FL diagnosis between samples from patients with or without 
HT; however, high intra-follicular levels of PD-1 were associated with significantly shorter 
transformation-free survival times (p<0.043).
Conclusion: Our data suggest that pre-treatment tumor-tissue PD-1 expression already 
predicts the risk of subsequent transformation to DLBCL, as early as the time of FL 
diagnosis.
Keywords: programmed death 1; PD-1, follicular lymphoma; FL, histological 
transformation; HT

Introduction
Follicular lymphoma (FL) is an indolent, yet mostly incurable lymphoproliferative 
neoplasia derived from germinal center B cells. It is the second most common 
lymphoid malignancy in the USA and western Europe, accounting for 20% of all 
Non-Hodgkin’s lymphomas, with a median age at diagnosis of approximately 
60–65 years.1–4 The disease is generally characterized by an indolent clinical course 
with good responses to treatment but also recurrent relapses.2 The introduction of 
treatment with CD20 targeting antibodies has further improved the prognosis, 
resulting in a median survival exceeding 10 years.4–7 However, a portion of patients 

Correspondence: Maja Ludvigsen  
Department of Hematology, Aarhus 
University Hospital, Palle Juul-Jensens 
Boulevard 99, C115, Aarhus N 8200, 
Denmark  
Tel +45 22859523  
Email majlud@rm.dk

submit your manuscript | www.dovepress.com OncoTargets and Therapy 2021:14 481–489                                                                   481

http://doi.org/10.2147/OTT.S289337 

DovePress © 2021 Beck Enemark et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/ 
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing 

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. 
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

OncoTargets and Therapy                                                                    Dovepress
open access to scientific and medical research

Open Access Full Text Article

http://orcid.org/0000-0002-3459-7429
http://orcid.org/0000-0003-2158-3885
http://orcid.org/0000-0001-5089-3271
mailto:majlud@rm.dk
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


experiences early disease progression, progressive loss of 
treatment sensitivity and treatment refractoriness. 
Moreover, a subset of patients experiences histological 
transformation (HT) to a more aggressive lymphoma, typi-
cally diffuse large B-cell lymphoma (DLBCL) or FL grade 
3B.7 HT has a clear adverse impact on the patient’s prog-
nosis, with a drastic deterioration in the clinical course and 
a marked reduction in the median survival after 
transformation.5,7–10

Biomarkers that could reliably predict HT, and thus iden-
tify patients at increased risk of transformation, would be 
highly valuable in the clinical setting. To date, both clinical 
features and biological markers have been investigated as 
possible risk factors for HT,7,8,11,12 but no definitive biomar-
kers of transformation have yet been identified. Known fac-
tors associated with poor prognosis in FL include advanced 
Ann Arbor stage, elevated lactate dehydrogenase (LDH), 
B-symptoms as well as a high Follicular Lymphoma 
International Prognostic Index (FLIPI) score.5,7,8 Our group 
have previously investigated potential biomarkers predictive 
of HT. We reported differences in expression of various 
proteins, including vimentin, GAPDH and aldolase A, in 
diagnostic FL samples from patients with subsequent trans-
formation compared with those without.11–13

The importance of the tumor microenvironment in the 
development, progression, and transformation of FL has 
been suggested. In fact, multiple studies have identified 
molecular markers of the non-malignant tumor microenvir-
onment including those associated with the regulation of 
tumor-infiltrating immune cells, as being correlated to the 
risk of HT.14–16 Among these are immune checkpoint mole-
cules, a group of co-inhibitory receptors that inhibit T-cell 
effector function upon activation. One such checkpoint pro-
tein is the inhibitory programmed death 1 (PD-1) receptor, 
which is expressed on a variety of hematopoietic cells, espe-
cially T cells.17 Signaling through PD-1 by its two ligands 
programmed death ligand 1 and 2 (PD-L1/2) ultimately leads 
to inhibition of downstream T cell receptor signaling, thereby 
decreasing cytokine production, effector T cell proliferation 
and survival, thus resulting in the state of T cell 
exhaustion.17–19 PD-1/PD-L1/2 signaling represents 
a crucial mechanism of immune tolerance, and it serves as 
a key mechanism exploited by several types of cancers. 
Through this mechanism the malignant cells acquire the 
ability to escape anti-tumor immunity, a feature which even-
tually results in a survival advantage for these cells.17,18

PD-1 has previously been investigated in the context of 
FL and HT, however with conflicting results regarding 

tumor-tissue PD-1 expression and its association with dis-
ease outcome and risk of transformation.18,20–22 Studies of 
the FL tumor microenvironment have consistently shown 
abundant PD-1 expression by T cells, but with complex 
expression patterns complicating the interpretation.21

In this study, we examined the potential for tumor PD-1 
expression to predict HT in patients with FL. PD-1 expres-
sion was evaluated in pretherapeutic diagnostic tumor tissues 
from FL patients with and without subsequent HT, based on 
the hypothesis that diagnostic FL samples from patients who 
subsequently experience HT may show biological character-
istics differentiating them from FL without transformation. 
Furthermore, paired tumor samples from transformed lym-
phomas at the time of HT were included in the analysis to 
investigate changes in PD-1 expression from the time of 
initial FL diagnosis to HT.

Patients and Methods
Patients
Analyses were performed on formalin fixed, paraffin- 
embedded (FFPE) tumor-tissue specimens from 80 FL 
patients, diagnosed at the Department of Hematology, 
Aarhus University Hospital, Denmark, between 1990 and 
2015 with FL grade 1–3A, Figure 1. These included 46 FL 
patients without HT with at least 10 years of follow up, 
and 34 patients with a primary FL diagnosis and subse-
quent histologically confirmed transformation to DLBCL 
or FL grade 3B, at least 6 months after the primary FL 
diagnosis. For these 34 patients, transformed lymphoma 
samples from the time of HT were also analyzed. 
Lymphoma tissues were processed using standard proce-
dures. All biopsies were reviewed by two experienced 
hematopathologists (TLP and SJHD) and classified 
according to the 2017 update of the WHO Classification 
of Tumours of the Haematopoietic and Lymphoid 
Tissues.1 Clinical data on all patients were collected from 
the Danish Lymphoma Registry (LYFO)23 and patient 
records. These clinical data as well as immunohistochem-
ical data on other putative biological markers in this cohort 
have previously been published.7,11,12 The study is 
approved by the Danish National Committee on Health 
Research Ethics (1-10-72-276-13) and the Danish Data 
Protection Agency (1-16-02-407-13). The requirement for 
study-specific informed consent was waived due to the 
retrospective nature of the study and the long follow-up 
time since inclusion. The study was conducted in accor-
dance with the Declaration of Helsinki.
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Immunohistochemical Staining for PD-1
Four-μm FFPE tissue sections were immunohistochemi-
cally stained on the Ventana BenchMark Ultra automated 
slide stainer (Ventana Medical Systems, Roche, Oro 
Valley, AZ) using standard methods. Primary monoclonal 
mouse anti-human anti-PD-1 (Product no. 315M-96, 
NAT105, Cell Marque, CA, USA) was used at a dilution 
of 1:100. Primary antibody detection was performed using 
the Ventana OptiView DAB detection kit (Ventana 
Medical Systems, Roche). Sections of appendix, tonsil, 
liver and pancreas were included on each slide as posi-
tive/negative controls.24

Digital Image Analysis
Stained slides were scanned at a magnification of x20 
using the Hamamatsu Nanozoomer 2.0HT scanner 
(Hamamatsu, Shizuoka, Japan). Staining quantification 
was performed using Visiopharm Integrator system 

2018.09 (Visiopharm A/S, Hoersholm, Denmark). As 
previously described,12 regions of interest (ROI) on 
whole biopsy sections were manually outlined, defining 
the area of tissue suitable for staining quantification, 
excluding distinct areas of non-lymphoid tissue, fatty 
tissue, tissue artefacts etc. An analysis protocol package 
(APP) was designed by manual image class designation 
to appropriate tissue areas (tissue background, weak-, 
intermediate- and strong staining intensity) followed by 
APP training based on tissue sections representing dif-
ferential expression levels of the biomarker. Area frac-
tions (AFs) were used as staining quantification outputs 
and were defined as the stained area normalized to the 
area of the ROI.12 PD-1 expression levels were based on 
AFs of strong intensity staining. Intrafollicular regions 
were manually outlined guided by a consecutive parallel 
section, stained with PAX5 to identify B cell areas in 
the biopsy.11

Figure 1 Consort diagram of the cohort. Pathology reports of all diagnostic biopsies for patients diagnosed with FL at the Department of Hematology, Aarhus University 
Hospital, Denmark between 1990–2015 were reviewed. Patients were categorized as non-transforming FL (nt-FL) if they showed no sign of HT in a follow-up period of at 
least 10 years. Patients were categorized as subsequently transforming FL (s-FL) if the patient presented with a primary diagnosis of FL grade I–IIIA (s-FL) and subsequently, 
at least 6 months later, with a biopsy of histologically transformed FL (s-tFL). Patients were included when sufficient FFPE tumor tissue were available from an excision or 
large needle biopsy. Only s-FL/s-tFL patients with a complete pair of biopsies from time of initial FL diagnosis and time of HT were included in the transformed sub-cohort. If 
necessary, to complete a pair, archived FFPE tissue were collected from other lymphoma treating centers in the central and southern region of Jutland, Denmark. All biopsies 
were reviewed and classified according to the 2017 update of the WHO Classification of Tumours of the Haematopoietic and Lymphoid Tissues.1 Furthermore, samples 
were included if a consecutive parallel tissue section stained with PAX5 were able to identify B cell areas, and thus intrafollicular areas, within the biopsy section. In total, we 
included samples from 46 nt-FL patients with no subsequent transformation, and 34 patients with s-FL/s-tFL biopsy pairs. 
Abbreviations: FFPE, formalin-fixed paraffin embedded; FL, follicular lymphoma; HT, histological transformation; nt-FL, non-transforming FL, s-FL, subsequently transform-
ing FL; s-tFL, histologically transformed lymphoma.
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Statistical Analysis
Differences in AFs of FL diagnostic samples from patients 
with or without subsequent HT was assessed using 
Student’s t-test and paired t-test. Differences in clinico-
pathological features were assessed using Fisher’s exact 
test, and correlations of biomarker expression to clinico-
pathological features were evaluated using Spearman rank 
test. Time-related endpoints were analyzed using the 
Kaplan Meier method, with transformation-free survival 
(TFS) as endpoint. TFS was defined as the time from 
initial FL diagnosis to the date of histologically confirmed 
HT or censoring.12 Determination of the optimal cutoff 
value for high versus low expression level of PD-1 on 
tumor sections for TFS analysis was established by 
a ROC analysis with the optimal cutoff point calculated 
using Youden’s index. This cutoff value corresponded to 
the 75th percentile of PD-1 expression and therefore, the 
cutoff values for TFS are denoted as the 75th percentile 
throughout the manuscript. Binary logistic analysis was 
used to calculate odds ratios (OR).

P-values below 0.05 were considered statistically sig-
nificant. Statistical analyses were performed in STATA 
version 15.1 (StataCorp).

Results
The patient cohort comprised a total of 80 FL patients, 
including 41 males and 39 females, Table 1. The age at 
diagnosis ranged from 25 to 83 years with a median age at 
diagnosis of 55 years. FL patients with subsequent trans-
formation (n=34) had a higher risk profile compared with 
patients without HT (n=46), with a more advanced Ann 
Arbor stage and higher FLIPI score.

Immunohistochemical evaluation of PD-1 revealed 
membranous staining of specific cellular subsets within 
the lymphoma samples in both non-follicular and intra- 
follicular areas, with positively stained areas predomi-
nantly being located within lymphoid tissue, Figure 2A 
and B. At the time of initial FL diagnosis, samples from 
patients with subsequent HT had significantly higher 
expression of PD-1 (95% confidence interval (CI): 
AF=1.99·10−3 - 4.79·10−3) compared with samples from 
patients without subsequent transformation (95% CI: 
AF=3.92·10−4 - 2.91·10−3, p=0.010), Figure 2C. 
Lymphoma samples from the time of HT had 
a significantly lower expression of PD-1 compared with 
their paired diagnostic FL samples (95% CI: 
AF=2.69·10−5 - 7.57·10−4, p<0.001), Figure 2C. No 

significant difference was found when analyzing PD-1 
expression exclusively localized within intra-follicular 
areas, Figure 2D. There was no correlation between PD- 
1 expression levels and any of the clinicopathological 
features.

High levels of strong intensity PD-1 expression at the 
time of primary FL diagnosis were not found to be asso-
ciated with a significantly shorter TFS (p=0.200) when 
assessing the ROI of the whole tumor tissue section; 
however, OR showed that the odds of tumors with high 
intratumoral PD-1 expression subsequently transforming 
were higher than those with low intratumoral PD-1 expres-
sion (OR: 4.67, 95% CI: 1.56–13.97), Figure 2E. When 
analyzing exclusively intra-follicular PD-1 expression, 
TFS was significantly shorter among patients with high 
PD-1 expression level (p<0.043, OR: 9.33, 95% CI: 2.-
74–31.83), Figure 2F.

Discussion
In this study, we used digital computer-assisted analysis to 
help quantify immunohistochemical PD-1 expression, and 
to assess the potential of this biomarker to predict HT in 
FL. We found that strong intensity PD-1 expression was 
significantly higher in FL diagnostic samples from patients 
who subsequently experienced transformation to a high- 
grade lymphoma, compared with those who did not. 
Additionally, PD-1 expression was significantly lower in 
lymphoma samples after HT. This decrease in PD-1 
expression after HT may well reflect the reduced levels 
of immune cell infiltrates, characteristic of DLBCL.4,25 

When analyzing exclusively in intra-follicular areas, no 
differences in PD-1 expression were found in FL diagnos-
tic samples.

With a cutoff at the 75th percentile, differences in high 
versus low PD-1 expression correlated with a slight trend 
towards shorter TFS among patients with high PD-1 
expression, although these were not significantly different. 
However, when focusing on PD-1 expression exclusively 
within follicles, TFS were significantly shorter among 
patients with high PD-1 expression levels.

Results similar have previously been reported by 
Blaker et al who found high intra-follicular PD-1 levels 
in FL to be associated with subsequent transformation 
compared with those cases without (n=52).15 On the con-
trary, Smeltzer et al (n=58) and Wahlin et al (n=70) found 
high numbers of intra-follicular PD-1+ T cells in FL to be 
an indicator of good disease outcome, and Smeltzer et al 
further reported shorter time to transformation.16,26 In 
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contrast, Szumera-Ciećkiewicz et al found interfollicular 
PD-1 expression predictive of poorer patient prognosis 
(n=71).22 Thus, contradictory results have previously 
been reported regarding the predictive value of PD-1 
in FL.

Comparison of results between groups poses 
a challenge, as the studies have used different methodolo-
gical approaches. Thus, Blaker et al, Wahlin et al and 
Szumera-Ciećkiewicz et al used tissue microarrays 
(which focus on neoplastic tissue and may not always be 
representative of the whole tumor), while in the present 
study we used whole tissue sections.15,22,26 Moreover, the 
studies show differences in which tissue compartments 
were included in the analyses, ie, whole biopsy versus 
non-follicular versus intra-follicular. In spite of the incon-
sistencies in results reported by the different studies, we 
believe that the possible part played by PD-1 in the pro-
cess of HT in FL should not be overlooked. However, 
clearer understanding of the role of PD-1 as a biomarker 
in FL will depend on further investigation.

There is a solid rationale for analyzing FL tumor tissues 
at a compartmental niveau, subdivided into intra-follicular 
and non-follicular areas, since these regions harbor different 
populations of T cell subsets which could possibly affect 
malignant growth in different ways. When defining the 
intra-follicular areas, there is a risk of introducing subjective 
bias. However, follicles were outlined guided by a parallel 
PAX5-stained section to show the location of B cells in the 
same biopsy and reviewed by an experienced 
hematopathologist.

FL has been characterized by the presence of significant 
numbers of T cell subsets in the tumor microenvironment.27 

Table 1 Patients’ Clinico-Pathological Features

Characteristics All n=80 
n (%)

nt-FL n=46 
n (%)

s-FL n=34 
n (%)

P-value

Sex

Male 41 (51) 20 (43) 21 (62) NS

Female 39 (49) 26 (57) 13 (38)

Age at FL diagnosis

Median 55 55 56 NS

Range 25–83 35–83 25–78

Ann Arbor stage

I–II 27 (34) 23 (50) 4 (12) <0.001

III–IV 51 (64) 22 (48) 29 (85)

Unknown 2 (2) 1 (2) 1 (3)

FLIPI

Low 30 (37) 24 (52) 6 (18) 0.002

Intermediate 27 (34) 15 (33) 12 (35)

High 19 (24) 5 (11) 14 (41)

Unknown 4 (5) 2 (4) 2 (6)

LDH-elevation

Yes 11 (14) 3 (7) 8 (23) NS

No 65 (81) 41 (89) 24 (71)

Unknown 4 (5) 2 (4) 2 (6)

B-symptoms

Yes 21 (26) 9 (20) 12 (35) NS

No 56 (70) 36 (78) 20 (59)

Unknown 3 (4) 1 (2) 2 (6)

Performance score

< 2 75 (94) 43 (94) 32 (94) NS

≥ 2 2 (2) 2 (4) 0 (0)

Unknown 3 (4) 1 (2) 2 (6)

Bone marrow

Involvement 22 (27) 8 (17) 14 (41) NS

No 47 (59) 31 (68) 16 (47)

Unknown 11 (14) 7 (15) 4 (12)

Anemia

Yes 5 (6) 1 (2) 4 (12) NS

No 72 (90) 44 (96) 28 (82)

Unknown 3 (4) 1 (2) 2 (6)

FL histology

FL NOS 0 (0) 0 (0) 0 (0) NS

FL grade 1–2 66 (83) 36 (78) 30 (88)

FL grade 3A 14 (17) 10 (22) 5 (12)

Initial treatment

Alkylator-based 23 (29) 15 (33) 8 (24) NA

Antracyclin-based 6 (8) 2 (4) 4 (12)

Chlorambucil 18 (23) 11 (24) 7 (21)

Rituximab only 8 (10) 2 (4) 6 (18)

Radiation only 7 (9) 5 (11) 2 (6)

Watch and wait 13 (16) 8 (17) 5 (15)

Other 5 (2) 3 (7) 2 (6)

R-Chemo 24 (30) 10 (22) 14 (41)

(Continued)

Table 1 (Continued). 

Characteristics All n=80 
n (%)

nt-FL n=46 
n (%)

s-FL n=34 
n (%)

P-value

PD-1 expression, 

whole biopsy

Low 60 (75) 40 (87) 20 (59) 0.008

High 20 (25) 6 (13) 14 (41)

PD-1 expression, 

follicles

Low 60 (75) 42 (91) 18 (53) <0.001

High 20 (25) 4 (9) 16 (47)

Notes: PD-1 analysis was performed with the cutoff for high versus low PD-1 
expression level based on the 75 percentile of expression (AF=0.003). 
Abbreviations: FL, follicular lymphoma; FLIPI, follicular lymphoma international 
prognostic index; FL NOS, follicular lymphoma not otherwise specified; LDH, 
lactate dehydrogenase; NA, not applicable; NS, not significant; nt-FL, non- 
transforming FL; PD-1, programmed death 1; s-FL, subsequently transforming FL.
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T cells located in follicles are most likely to be of the 
T follicular helper subtype, which are known to promote 
B cell growth and lymphomagenesis in FL.4,5 Wahlin et al 
suggested that expression of inhibitory receptors on these 
cells could arguably dampen their stimulatory effects, caus-
ing improvements in the prognosis of FL and possibly 
lowering the risk of transformation.26 However, as the 
results found in both the present study and those reported 
by Blaker et al are conflicting, more evidence is needed to 
fully establish the role of PD-1 in FL.15

In addition to inhibitory receptors, Yang et al found co- 
stimulatory receptors CD27 and CD28 to be frequently 

lost on T cell subsets in FL.28 These findings of increased 
inhibitory signals and decreased stimulatory signals sup-
ports previous studies describing a suppressive tumor 
microenvironment in FL.28 Furthermore, Yang et al 
found that overall PD-1 expression were not significantly 
associated with patient outcome. However, when separat-
ing T cells into different PD-1 positive subsets based on 
their phenotype, differences in patient outcome were seen 
depending on the subset.28

In this study, we analyzed whole tissue sections, thus 
allowing changes in the tumor microenvironment to be 
included. The association between high PD-1 levels and 

Figure 2 Expression of PD-1 and outcome analysis. (A and B) Representative images of tumor tissue stained for PD-1. (C) Area fractions of strong intensity PD-1 staining in 
FL diagnostic samples from patients with subsequent transformation and patients without, and in lymphoma samples from time of HT diagnosis; *p<0.01, **p<0.001. (D) 
Area fractions of PD-1 staining exclusively localized in intra-follicular areas. (E) Association between PD-1 expression in whole biopsies and TFS (F) Association between 
exclusively intra-follicular PD-1 expression and TFS. 
Abbreviations: FL, follicular lymphoma; HT, histological transformation; nt-FL, non-transforming FL; PD-1, programmed death 1; s-FL, subsequently transforming FL; s-tFL, 
histologically transformed lymphoma; TFS, transformation-free survival.
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shorter time to transformation found by us could be inter-
preted as the malignant cells exploiting the PD-1/PD-L1/2 
pathway, thereby leading to immune exhaustion and 
impaired anti-tumor immunity.

Underlying mechanisms driving HT remains a subject 
of investigation with different proposed pathways leading 
to the transformation event. One hypothesis assumes 
a continuous accumulation of genetic alterations within 
the original FL cell population, while other hypothesizes 
that transformation occurs via expansion of a small subset 
of transformed FL subclones becoming dominating at 
HT.29–31 Previous studies have suggested possible affected 
pathogenic mechanisms to be involved in transformation 
of FL in regard to impairment of DNA damage response, 
oxidative stress, immune regulation, and chronic inflam-
mation, which all have previously been described to be 
involved in malignant development.29,31–33 Hypothetically, 
upregulated expression of PD-1 could very well be caused 
by impaired immune regulation and chronic inflammation, 
thereby exhausting the immune system and eventually 
leading to HT. However, larger in-depth mechanistic stu-
dies are needed to ascertain this hypothesis.

Prior implementation of this putative biomarker pre-
dictive of transformation in a clinical setting, validation of 
our findings in larger and independent cohorts is 
a prerequisite for prospective use in risk assessment of 
FL patients. In the present study, the sample size was 
limited as only patients with sufficient FFPE tumor biop-
sies available at both FL diagnosis and at HT for patients 
with subsequent transformation and non-transforming FL 
with at least 10 years follow-up were included. This 
resulted in 34 FL patients with subsequent transformation 
(and paired samples) and 46 patients without transforma-
tion. Thus, inclusion based on availability introduced that 
the patients with subsequent transformation presented with 
advanced risk profiles in regard to increased Ann Arbor 
stage and FLIPI score. This could potentially bias the 
analyses, however, we found that tumor PD-1 expression 
did not correlate with any clinicopathological features, 
neither Ann Arbor stage nor FLIPI score. Thus, this 
implies that presumably an independent impact of PD-1 
expression is not correlated with the adverse risk profile in 
the subsequently transforming FL group.

The results presented support an important role for PD- 
1 in the eventual progression of FL, although validation of 
our findings will be necessary before PD-1 expression 
analysis can be recommended for use as a relevant prog-
nostic or predictive biomarker in the clinical routine.

Conclusion
This study demonstrates the value of PD-1 expression for 
predicting transformation in FL. We found high PD-1 
expression at FL diagnosis predictive of the risk of later 
histological transformation, and high intra-follicular 
expression of PD-1 to be associated with shorter time to 
transformation. More data are needed to provide clear 
insights into the function of PD-1 in the process of histo-
logical transformation in FL tumors and fully elucidate its 
potential as a predictive biomarker of HT.

Abbreviations
AF, area fraction; APP, application protocol package; CI, 
confidence interval; DLBCL, diffuse large B-cell lym-
phoma; FFPE, formalin-fixed paraffin embedded; FL, fol-
licular lymphoma; FLIPI, follicular lymphoma 
international prognostic index; HT, histological transfor-
mation; LDH, lactate dehydrogenase; LYFO, the Danish 
lymphoma registry; PD-1, programmed death 1; PD-L1/2, 
programmed death ligand 1/2; TFS, transformation-free 
survival; TMA, tissue microarray; TME, tumor microen-
vironment; ROI, region of interest.
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