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�
 ABSTRACT 

Purpose: Many patients with various cancer types have 
received immune checkpoint inhibitors (ICI) worldwide since 
their approval, and novel unexpected complications from 
their long-term use are apparent. We identified some cases of 
B-cell lymphoma occurring during PD-1 blockade therapy as 
such unexpected complications. In this study, we aimed to 
evaluate the incidence of hematologic malignancies in pa-
tients with lung cancer receiving PD-1 blockade therapy and 
to elucidate the mechanisms underlying the progression of 
these malignancies. 

Experimental Design: We performed IHC staining on the 
clinical samples from patients with B-cell lymphoma that devel-
oped during PD-1 blockade therapy and analyzed large-scale real- 

world datasets. We further investigated the underlying mecha-
nisms through in vitro and in vivo experiments. 

Results: A higher incidence of B-cell malignancies has been ob-
served in patients with lung cancer treated with PD-1 blockade 
therapies based on large-scale real-world data analyses (n ¼ 15,670). 
The identified lymphomas had a large amount of CD4+ T follicular 
helper (TFH) cell infiltration. In addition, PD-1 blockade activated 
PD-1+ TFH cells, which promoted lymphoma proliferation via the 
IL4/IL4R, IL21/IL21R, and CD40L/CD40 axes. Notably, the lym-
phomas exhibited high expression of IL4R, IL21R, and CD40. 

Conclusions: Our findings highlight the need for careful 
monitoring and consideration of the potential B-cell malignancy 
complications in clinical settings in which ICIs are used. 

Introduction 
Cancer remains one of the leading causes of mortality worldwide, 

with more than 10 million deaths reported annually (1). In addition to 
cytotoxic chemotherapy and molecularly targeted therapy, cancer 
immunotherapy has rapidly advanced over the past decade. Immune 
checkpoint inhibitors (ICI), such as anti–PD-1/PD-L1 and anti– 
CTLA-4 antibodies, have been used in the treatment of a wide range 
of cancers, including lung cancer (2, 3), melanoma (4), and renal cell 
carcinoma (5), demonstrating favorable therapeutic outcomes (2–5). 
Notably, some patients treated with ICIs reportedly achieve a durable 
response. However, novel unexpected complications can occur in 
such patients, and attention should be paid to them. 

The ICIs exhibit efficacy by reactivating T cells that directly attack 
tumors (6, 7). Tumor cells generally express major histocompati-
bility complex class I, which is recognized by CD8+ T cells (8). Thus, 
CD8+ T cells play a crucial role in antitumor immunity and ICI 
efficacy (8, 9). The importance of CD4+ T cells in antitumor im-
munity has also been documented (10–12). CD4+ T cells perform a 
wide variety of functions and are well-known for their role as 
T-helper cells. Among these T-helper cells, CD4+ T follicular helper 
(TFH) cells have recently garnered significant attention because of 
their crucial role in supporting the formation and maintenance of 
germinal centers (GC) in lymphoid tissues (13). TFH cells are 
originally involved in B-cell maturation and GC support via cos-
timulatory signals and cytokines (13, 14). In addition, TFH cells are 
beneficial for generating memory B cells and antibodies via IL4 and 
IL21 in lymphoid tissues (14–16). These B cells produce antibodies 
and act as antigen-presenting cells (APC; ref. 17). Given these 
functions, it is reasonable to assume that TFH cells play a positive 
role in antitumor immunity. 
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The TFH cells are distinguished from others by the high expression of 
CXCR5 and PD-1 (13, 18–20). As PD-1 suppresses TFH cells, PD-1 
blockade activates PD-1+ TFH cells (11, 20). Accordingly, TFH cells 
activated by PD-1 blockade reportedly contribute to antitumor im-
munity by helping CD8+ T cells (11, 21–23). TFH cell infiltration is a 
good prognostic factor in patients with solid tumors treated with ICIs 
(23–26). However, given that B-cell malignancies originate from B cells, 
TFH cells can support malignant cells via ligands and cytokines (26–31). 
Notably, TFH cell infiltration is recognized as a poor prognostic factor 
for B-cell malignancies, in contrast to solid tumors (26–31). 

In this study, we found that patients with lung cancer developed 
B-cell malignancies with extensive TFH cell infiltration during PD-1 
blockade therapy. Therefore, we hypothesized that PD-1+ TFH cells 
activated by PD-1 blockade might promote B-cell malignancy pro-
liferation, apart from having a positive effect on CD8+ T cells, and 
investigated the role of TFH cells. Additionally, the incidence of 
hematologic malignancies in patients with lung cancer who received 
systemic chemotherapy, including PD-1 blockade therapy, was 
evaluated using large-scale real-world datasets. Our findings provide 
novel insights into potential B-cell malignancy complications in 
clinical settings in which ICIs are used. 

Materials and Methods 
Patients 

Lymphoma specimens from two patients who developed malignant 
lymphoma during PD-1 blockade therapy were used for IHC analysis 
(Fig. 1; Supplementary Table S1). In addition, lymphoma specimens 
from 10 patients diagnosed with B-cell malignant lymphoma, in-
cluding follicular lymphoma (FL) and diffuse large B-cell lymphoma 
(DLBCL), at Okayama University Hospital between 2021 and 
2024 were also used for IHC analysis (Supplementary Table S1). The 
study protocol was approved by the Institutional Review Board and 
Ethics Committee of Okayama University Hospital. 

IHC 
Paraffin-embedded sections of the surgical specimen were simi-

larly cut into 3-μm slices, deparaffinized, and rehydrated. Antigen 
retrieval was performed using citrate buffer (pH 6.0; LSI Medience 

Corporation; cat. #2-3106-08) at 121°C for 20 minutes. After 
blocking endogenous peroxidase activity with 3% H2O2, the tissues 
were treated with 3% bovine serum albumin (Nacalai Tesque; cat. 
#01860-07) in phosphate-buffered saline (PBS) to block nonspecific 
reactions in a humid box at room temperature (RT). Anti-human 
CD40 antibody (Abcam; clone EPR20540; cat. #ab213205), anti- 
human IL4Rα antibody (R&D Systems; clone 25463; cat. #MAB230, 
RRID: AB_2126871), or anti-human IL21R antibody (Proteintech; 
clone 1D1C2; cat. #66319-1-Ig, RRID: AB_2881700) diluted in 3% 
BSA was added to tissues and incubated overnight in a humidity 
box at 4°C. The control slides were incubated with only 3% BSA. 
The tissues were washed and incubated with SignalStain Boost IHC 
Detection Reagent (horseradish peroxidase, mouse or rabbit; Cell 
Signaling Technology; cat. #8125 or cat. #8114) for 30 minutes in a 
humidity box at RT. After washing, 3,30-diaminobenzidine (DAB) 
staining was performed using the SignalStain DAB Substrate Kit 
(Cell Signaling Technology; cat. #8059). Counterstaining was per-
formed with hematoxylin, and the tissues were mounted. 

For multicolor IHC, EDTA buffer pH 8.0 was used at 121°C for 
20 minutes following the antigen retrieval method. Subsequently, 
permeabilization was performed by treating the samples with 0.2% 
Tween-20 dissolved in PBS for 10 minutes. After blocking non-
specific reactions, the tissues were incubated overnight with the 
anti-human CD4 polyclonal antibody (R&D Systems; cat. #AF-379- 
NA, RRID: AB_354469), anti-human CD8 antibody (Cell Signaling 
Technology; clone D8A8Y, cat. #85336, RRID: AB_2800052), anti- 
human FOXP3 antibody (Abcam; clone 236A/E7, cat. #ab20034, 
RRID: AB_445284), anti-human Bcl-6 antibody (Cell Signaling 
Technology; clone E5I8I, cat. #89369, RRID: AB_2800138), and 
anti-human T-bet antibody (Thermo Fisher Scientific; clone 4B10, 
cat. #14-5825-82, RRID: AB_763634) diluted in 3% BSA at 4°C and 
washed. The secondary antibodies, donkey anti-mouse IgG H&L 
Alexa Fluor 488 (Abcam; cat. #ab150105, RRID: AB_2732856), anti- 
rabbit IgG H&L Alexa Fluor 555 (Abcam; cat. #ab150078, RRID: 
AB_2722519), and donkey anti-goat IgG H&L Alexa Fluor 647 
(Abcam; cat. #ab150131, RRID: AB_2732857), were diluted with 3% 
BSA and reacted with the tissues at RT. The samples were washed 
and sealed using the TrueVIEW Autofluorescence Quenching Kit 
with DAPI (Vector Laboratories; cat. #SP-8500-15). All images were 
captured using an all-in-one fluorescence microscope (BZ-X700; 
Central Research Laboratory, Okayama University Medical School, 
Japan). 

Dataset 
The initial data were collected from the Medical Data Vision 

(MDV) database (Medical Data Vision Co., Ltd.), which covers 
485 acute care institutions in Japan. The second and third data were 
collected from the World Health Organization (WHO) pharmaco-
vigilance database and the WHO Mortality Database, respectively. 
All databases were extracted using Navicat for SQLite (version 
16.3.7, PremiumSoft) and Microsoft Access software from Microsoft 
365 (Office; Microsoft Corporation). 

Data analysis 
First, the MDV analysis utilized data from January 2010 to De-

cember 2021 as the study period, confirming that the health insurance 
claims database recorded 1,040,184 prescriptions classified as anti-
neoplastic agents under the Anatomical Therapeutic Chemical clas-
sification system code L01. The analysis targeted patients ≥18 years of 
age with lung cancer and divided them into two groups. The plati-
num-based chemotherapy (Pt) + ICI group included patients who 

Translational Relevance 
Immune checkpoint inhibitors (ICI), particularly PD-1 

blockade therapies, have become standard treatments for various 
cancer types, but unexpected complications are emerging with 
long-term use. In this study, we identified cases of B-cell lym-
phoma that developed during PD-1 blockade and confirmed, 
through large-scale real-world datasets, that patients receiving 
ICIs have an increased incidence of lymphoma. Mechanistically, 
PD-1 blockade activates PD-1+ T follicular helper cells, which 
promote lymphoma progression through IL4, IL21, and 
CD40 signaling pathways. These findings underscore the im-
portance of monitoring for hematologic complications in pa-
tients undergoing ICI therapy. This has significant implications 
for both clinical practice and research, highlighting the need for 
vigilant surveillance and the development of strategies to miti-
gate these risks. 
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received initial prescriptions of ICIs and platinum-based anticancer 
agents [Pt: carboplatin (CBDCA) or cisplatin (CDDP)] between 
January 2017 and December 2021. As a control group, patients who 
received their initial prescription of platinum-based chemotherapy 
alone between January 2010 and December 2014 were included be-
cause ICIs were not approved as the first-line therapy during this 
period in Japan. Patients were excluded if they had no diagnosis of 
lung cancer before the index date, had been diagnosed with cancers 
other than lung cancer before the index date, had been prescribed 
antineoplastic agents before the index date, had undergone radio-
therapy before the index date, or had a lookback period of less than 
60 days. Additionally, those who had been prescribed EGFR or ALK 
tyrosine kinase inhibitors were excluded because few patients with 
EGFR-mutated or ALK-fused lung cancer received ICIs as the first- 
line therapy. The list of drugs used in this study is provided in 

Supplementary Table S2, and the patient selection criteria are illus-
trated in Supplementary Fig. S1. Diagnoses of lung cancer and he-
matologic events were identified based on ICD-10 codes, as detailed 
in Supplementary Table S3. The definitions of radiotherapy are pre-
sented in Supplementary Table S4. The follow-up period for hema-
tologic event outcomes was set to 1 year because nivolumab has been 
approved as the second-line or later therapy in Japan since December 
2015. To assess the robustness of the primary survival analysis and 
competing risk analysis results, sensitivity analyses were performed 
through subgroup stratification by age (<65 or ≥65 years), sex, 
smoking status (Brinkman index ¼ 0 or ≥1), and platinum agent type 
(carboplatin or cisplatin). Relative risks and 95% confidence intervals 
were calculated for each subgroup. 

Second, data from the WHO pharmacovigilance database from 
January 2017 to December 2023, the maximum duration available, 
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Figure 1. 
Clinical courses. A, Case 1. Case 1 is a male in his late 60s with NSCLC who developed MALT lymphoma during pembrolizumab monotherapy. After the diagnosis 
of stage IV NSCLC, he received pembrolizumab monotherapy as the first-line treatment. He achieved a partial response and continued the therapy afterward 
(red arrows). Before and during the treatment, he never received any other chemotherapies or radiotherapies. A pulmonary nodule was found 3.5 years later, in 
which the size increased gradually even though the other lesions were stable during pembrolizumab monotherapy (a blue arrow). He received surgery for the 
increased pulmonary nodule and was diagnosed with lymphoma. B, Case 2. Case 2 is a female in her late 50s with NSCLC who developed primary cutaneous 
follicle center lymphoma during nivolumab monotherapy. She received heavy treatment for NSCLC. Eventually, nivolumab monotherapy started as the fifth-line 
treatment 3.5 years after diagnosis, resulting in a complete response (red arrows). However, 2.5 years after the initiation of nivolumab, she developed cervical 
erythema during nivolumab monotherapy and was diagnosed with lymphoma. Erl, erlotinib; nPTX, nanoparticle albumin–bound paclitaxel; Pt, platinum. 
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were analyzed. Supplementary Figure S2 presents a flowchart out-
lining the patient selection process. This analysis was guided by 
statistical algorithms developed by the WHO collaborating center. 
These algorithms have formed the foundation of our ongoing efforts 
to explore this dataset and identify medications that may pose risks. 
Duplicate reports were identified in VigiBase using an automated 
VigiMatch algorithm (32). This method was crucial in improving 
the precision of our analysis, beginning with the removal of du-
plicate entries to maintain data integrity. For any suspected dupli-
cates, the report with the highest VigiGrade completeness score was 
flagged for further review (33). Lymphoma cases are defined as any 
individual case safety report (ICSR) with a reported term included 
in the following High-Level Group Terms of the Medical Dictionary 
for Regulatory Activities/J (version 26.0; International Glossary of 
Pharmaceutical Terms of the International Council for Harmoni-
zation of Technical Requirements for Pharmaceuticals for Human 
Use): lymphomas Hodgkin disease, lymphomas not elsewhere 
classified, lymphomas non-Hodgkin B cell, lymphomas non- 
Hodgkin T-cell, and lymphomas non-Hodgkin unspecified. ICSRs 
that included an ICI used to treat lymphoma were excluded because 
their drug causality was doubtful. 

Finally, detailed data from the WHO Mortality Database on the 
crude incidence rate and age-standardized incidence rate of lym-
phoma in Japan from 2010 to 2020 were analyzed. The diagnosis of 
lymphoma was defined based on ICD-9 and ICD-10 codes. The 
crude incidence rate was calculated using the number of lymphoma 
diagnoses as the numerator and the population obtained from the 
Japan Population Prospects database as the denominator. The age- 
standardized incidence rate was calculated using the world standard 
population as the reference for each 5-year age group to adjust for 
the differences in population age structure. 

Cell line 
The E.G7 (cat. #CRL-2113, RRID: CVCL_3505) and A20 (cat. 

#TIB-208, RRID: CVCL_1940) cell lines were obtained from ATCC. 
The cell lines were maintained in RPMI 1640 medium supple-
mented with 10% FBS (Thermo Fisher Scientific; cat. #A5256701). 
All cell lines were routinely tested and confirmed to be Mycoplasma- 
free using a PCR Mycoplasma Detection Kit (Takara Bio; cat. 
#6601), according to the manufacturer’s instructions. Cell lines were 
used in experiments within 10 passages after thawing. 

Reagent 
Mouse IL4 (cat. #214-14) and IL21 (cat. #210-21) were purchased 

from PeproTech. Mouse IL6 (cat. #094-07001) was purchased from 
FUJIFILM Wako Pure Chemical. Soluble CD40L (sCD40L; cat. 
#PEP-CYT-472) was purchased from Enzo Biochem. Anti-mouse 
CD3 (clone 145-2C11, cat. #100359, RRID: AB_2616673), anti- 
mouse CD28 (clone 37.51, cat. #102116, RRID: AB_11147170), and 
anti-mouse PD-1 (clone: RMP1-14, cat. #114122, RRID: AB_ 
2159165) monoclonal antibodies (mAb) were purchased from 
BioLegend. Anti-mouse IL4 (clone 11B11, cat. #BE0045, RRID: AB_ 
1107707) and IL21R (clone 4A9, cat. #BE0258, RRID: AB_2687737) 
mAbs were purchased from BioXCell. Anti-mouse CD40 mAbs 
(clone: HM40-3, cat. #14-0402-82, RRID: AB_467228) were pur-
chased from Thermo Fisher Scientific. 

Construct and viral transfection 
Plasmids pMSCV-Il4r, pMSCV-Il21r, and pMSCV-Cd40 were 

purchased from VectorBuilder. Each vector and the pVSV-G vector 
(Takara Bio; cat. #S1958) were transfected into packaging cells using 

Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific; 
cat. #L3000015). After 48 hours, the supernatant was concentrated 
and transduced into the cells. The expression was assessed using 
flow cytometry. 

CD40 deletion using the CRISPR/Cas9 system 
The CD40-deleted A20 cells were generated using the CRISPR/ 

Cas9 system. Briefly, guide RNA (gRNA) sequences (50-GTCCGT- 
ACTCCGCCAGTATG-30 targeting Cd40) were used to edit the 
genomic locus. The gRNA (Thermo Fisher Scientific; cat. #A35533, 
CRISPR521641_SGM CD40) and Cas9 protein (Thermo Fisher 
Scientific; cat. #A36497) were transfected into A20 cells via elec-
troporation (Bio-Rad; cat. #1652660J1). The expression was assessed 
via flow cytometry. 

In vitro TFH cell analysis 
To induce TFH cells, we used a previously reported protocol 

(34). Briefly, naı̈ve CD4+ T cells were isolated from splenocytes 
of C57BL/6 mice using the MojoSort Mouse CD4 Naı̈ve T Cell 
Isolation Kit (cat. #480039, BioLegend), according to the man-
ufacturer’s instructions. Purified naı̈ve CD4+ T cells were ini-
tially stimulated with gamma-irradiated APCs (T cell–depleted 
splenocytes) in the presence of anti-CD3 mAb (2 μg/mL; 
BioLegend) and cultured in a medium supplemented with IL6 
(50 ng/mL) and IL21 (50 ng/mL) for 4 days. Anti–PD-1 mAb 
(5 μg/mL) was added on day 4 of the culture in the presence of 
gamma-irradiated APCs. After 24 hours with or without anti– 
PD-1 mAb (5 μg/mL), TFH cells (PD-1+CXCR5+FOXP3�CD4+ 

T cells) were analyzed using flow cytometry. In vitro experi-
ments were performed in triplicate independently using three 
samples per group. 

In vitro proliferation assay 
For standard proliferation assays, 5 � 104 cells were seeded in a 96- 

well plate and treated with IL4, IL21, or sCD40L at the indicated 
concentrations, with or without anti-IL4, IL21R, or CD40 mAb. After 
48 hours, cell proliferation was assessed using the Cell Counting Kit-8 
(Fujifilm; cat. #343-07623). Carboxyfluorescein succinimidyl ester 
(CFSE) analysis was also performed to evaluate cell proliferation. 
Briefly, E.G7 cells were stained with CFSE using the CellTrace CFSE 
Cell Proliferation Kit (Thermo Fisher Scientific; cat. #C34570). Stained 
cells were cultured with IL4 or IL21 at the indicated concentrations, 
with or without anti-IL4 or IL21R mAb. Cells were analyzed using 
flow cytometry 48 hours after the initiation of culture, and the undi-
vided peak was defined based on the control (0 hours), and prolifer-
ation was quantified using the proliferation index calculated via 
FlowJo. In addition, CD62L+CD25�CD4+ T cells (näıve CD4+ T cells) 
were sorted from mouse splenocytes, and PD-1+CXCR5+CD25�CD4+ 

T cells (TFH cells) were sorted from mouse splenocytes cultured under 
the TFH induction condition as described above, using a FACSAria 
Cell Sorter at the Central Research Laboratory, Okayama University 
Medical School. Each sorted fraction was subsequently cocultured with 
E.G7 cells in transwell plates with a pore size of 0.4 μm (Corning; cat. 
#3381) with or without anti-IL4 (10 μg/mL) and/or IL21R (10 μg/mL) 
mAbs. After 48 hours, cell proliferation was assessed using the CCK-8 
assay. In vitro experiments were performed in triplicate independently 
using three samples per group. 

Western blotting 
Following treatment with IL4 (100 ng/mL), IL21 (200 ng/mL), or 

sCD40L (200 ng/mL), either alone or in combination with anti-IL4 
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mAb (10 μg/mL), anti-IL21R mAb (10 μg/mL), or anti-CD40 mAb 
(1 μg/mL) for 30 minutes, cells were collected, washed with PBS, 
and suspended in lysis buffer containing 1% SDS (Nacalai Tesque; 
cat. #30562-04), 10 mmol/L of Tris–HCl (Nacalai Tesque; cat. 
#32739-31), protease inhibitor cocktail (Cell Signaling Technology; 
cat. #5871), and phosphatase inhibitor cocktail (Cell Signaling 
Technology; cat. #5870). Equal amounts of proteins from whole-cell 
lysates were separated via SDS-PAGE and blotted onto a trans-
fer membrane (Millipore; cat. #IPVH00010). After blocking, the 
membranes were probed with primary antibodies. Antibodies spe-
cific for STAT3 (clone D3Z2G, cat. #12640, RRID: AB_2629499), 
pSTAT3 (Tyr705; clone D3A7, cat. #9145, RRID: AB_2491009), 
STAT6 (clone D3H4, cat. #5397, RRID: AB_11220421), pSTAT6 
(Tyr641; clone D8S9Y, cat. #56554, RRID: AB_2799514), Akt (cat. 
#9272, RRID: AB_329827), and pAkt (Ser473; cat. #9271, RRID: 
AB_329825) were purchased from Cell Signaling Technology. The 
anti–β-actin antibody (clone AC-15, cat. #A1978, RRID: AB_ 
476692) was purchased from Merck and used as a loading control. 
After rinsing twice with TBS, the membrane was incubated with a 
horseradish peroxidase–conjugated secondary antibody (Cell Sig-
naling Technology; cat. #7074 or cat. #7076), washed, and visualized 
using an ECL detection system (PerkinElmer; cat. #275-20471) and 
a ChemiDoc imaging system (Bio-Rad). 

Mouse model 
The following mouse strains were used in this study: Female 

C57BL/6J and BALB/c mice were purchased from SLC Japan. 
B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ mice (Cd4cre; IMSR_JAX:022071) 
and B6.129S(FVB)-Bcl6tm1.1Dent/J mice (Bcl6fl; IMSR_JAX: 
023727) were purchased from Jackson Laboratories. All mice were 
maintained under pathogen-free conditions in the animal facilities. 
All animal experiments were approved by the Animal Care and Use 
Committee of Okayama University in accordance with the Animal 
Welfare and Management Act of Japan. 

The E.G7 or A20 cells (5 � 106 cells) were injected subcutane-
ously, and the tumor volume was monitored twice a week. The 
means of the long and short tumor diameters were used to generate 
tumor growth curves. The mice were grouped on day 7, and anti– 
PD-1 mAb (200 μg/mouse) or control mAb was administered in-
traperitoneally three times every 3 days. The tumors were harvested 
on day 14 for tumor-infiltrating lymphocyte (TIL) and tumor- 
draining lymph node (dLN) analysis. In vivo experiments were 
performed at least twice. 

Flow cytometry analysis 
The cells were washed with PBS (Wako Pure Chemical Corpo-

ration; cat. #048-29805) containing 2% FBS and stained with surface 
antibodies. Intracellular staining was performed with specific anti-
bodies and the FOXP3/Transcription Factor Staining Buffer Set 
(Thermo Fisher Scientific; cat. #00-5523-00), according to the 
manufacturer’s instructions. For intracellular cytokine staining, cells 
were stimulated for 6 hours with anti-CD3 (5 μg/mL) and CD28 
(2 μg/mL) mAbs, along with GolgiPlug reagent (BD Biosciences; cat. 
#555029). The samples were assessed using a BD FACSFortessa 
instrument (BD Biosciences) and FlowJo software (BD Biosciences; 
ref. 9). The antibodies used are summarized in Supplementary Table 
S5 and were diluted according to the manufacturer’s instructions. 
The gating strategies are shown in Supplementary Figs. S3 and S4. 
About the distinction among subsets, we defined gates using isotype 
controls. 

Statistical analysis 
GraphPad Prism 8 (GraphPad Software), R software (version 

4.1.2, R Foundation for Statistical Computing), Joinpoint Regression 
Program (version 5.1.0.0, National Cancer Institute), and Python 
(version 3.9.7, Python Software Foundation) were used for statistical 
analyses. The relationships of continuous variables between or 
among groups were compared using a t test or one-way ANOVA, 
respectively. The relationships between tumor volume curves were 
compared using two-way ANOVA. For multiple testing, a Bonfer-
roni correction was used. 

The analysis of hematologic events (lymphoma, leukemia, and 
multiple myeloma) between the treatment groups was conducted 
using event time–based incidence distribution and competing 
risk analyses. The censoring criteria were defined as follows: (i) 
365 days after the index date (day 0, defined as the initial pre-
scription date of the Pt); (ii) the observation end date in the 
database, which was either the maximum date available in the 
database or the last confirmed month of medical records for 
individual patients; (iii) the earliest date of radiotherapy billing 
after day 0; and (iv) the date of death. The log-rank test was used 
to compare the event time–based incidence distributions be-
tween treatment groups. The Gray test was used to analyze cu-
mulative incidence functions considering competing risks (death 
and radiotherapy; refs. 35, 36). This methodologic approach 
evaluated treatment effects on hematologic events from event 
time–based incidence and competing risk perspectives. 
Smoothed curves of lymphoma incidence rates in Japan during 
the study period were created using locally estimated scatterplot 
smoothing weighted by population size to understand long-term 
trends. Statistical significance was determined using P values 
with a threshold set at 0.05. 

Results 
Two cases with lung cancer had malignant lymphoma during 
PD-1 blockade therapies 

We identified two individuals with lung cancer who developed 
malignant lymphoma during PD-1 blockade therapy; their clin-
ical courses are summarized in Fig. 1 and Supplementary Table 
S1. Case 1 involved a male patient in his late 60s with non–small 
cell lung cancer (NSCLC) who developed extranodal marginal 
zone lymphoma of the mucosa-associated lymphoid tissue 
(MALT lymphoma) during pembrolizumab monotherapy. After 
the diagnosis of stage IV NSCLC, he received pembrolizumab 
monotherapy as the first-line treatment. He achieved a partial 
response and continued the therapy. Before and during the 
treatment, the patient did not receive any other chemotherapy or 
radiotherapy. A pulmonary nodule was found 3.5 years later, the 
size of which increased gradually, although the other lesions were 
stable during pembrolizumab monotherapy (Fig. 1). Four years 
later, the patient underwent surgical resection of the nodule, and 
the pathology showed MALT lymphoma, that is, lymphoepithe-
lial lesions in hematoxylin and eosin (H&E) staining and IHC 
staining for CD3�, CD10�, CD20+, and BCL-2+ (Fig. 2A). Case 
2 involved a female in her late 50s with NSCLC, who developed 
primary cutaneous follicle center lymphoma during nivolumab 
monotherapy. She received intensive treatment for NSCLC 
(surgical resection, platinum doublets, erlotinib, nab-paclitaxel, 
thoracic radiotherapy, and whole-brain radiation). Eventually, 
nivolumab monotherapy was initiated as the fifth-line treatment 
3.5 years after diagnosis, resulting in a complete response. 
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However, 2.5 years after the initiation of nivolumab, she devel-
oped cervical erythema during nivolumab monotherapy, in which 
pathology showed primary cutaneous follicle center lymphoma, 

that is, invasion of the large-sized atypical lymphoid population 
in H&E staining with the IHC patterns of CD3�, CD10�, CD20+, 
and BCL-6+ (Fig. 2A). 
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Figure 2. 
Sample analyses of our identified B-cell lymphomas during PD-1 blockade therapies and the incidence of lymphomas from large-scale real-world data analyses. 
A, Pathologies of cases 1 (top) and 2 (bottom). H&E, CD3, CD10, CD20, and Bcl-2 or Bcl-6 staining for diagnosis are shown. Scale bar, 100 μm. B, Cumulative 
incidence of hematologic events (left) and lymphoma (right) with ICIs. The cumulative incidence of hematologic events, including lymphoma, leukemia, and 
multiple myeloma, in patients with lung cancer who received platinum doublets combined with ICIs (Pt + ICI) was compared with those who received platinum 
doublets without Pt. C and D, Multicolor IHC images of cases 1 (top) and 2 (bottom). CD4, CD8, FOXP3, Bcl-6, and T-bet were visualized by multicolor IHC using 
fluorophore-conjugated secondary antibodies. Representative staining results (C: CD4, CD8, and Foxp3; D: CD4, Bcl-6, and T-bet) are shown. Scale bar, 25 μm. 
Cumulative incidence was analyzed using the Kaplan–Meier method and compared among the groups using the log-rank test. **, P < 0.01. 
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The incidence of lymphoma in patients with lung cancer can 
be related to the history of ICIs 

These two cases prompted us to investigate the relationship be-
tween PD-1 blockade therapy and the incidence of hematologic 
malignancies. For this purpose, we first analyzed the MDV dataset. 
Between January 2010 and December 2021, 289,726 patients with 
lung cancer underwent therapy. The Pt + ICI group included pa-
tients who received initial prescriptions of ICIs and platinum-based 
anticancer agents [Pt: carboplatin (CBDCA) or cisplatin (CDDP)] 
between January 2017 and December 2021. As a control group, 
patients who received their initial prescription of platinum-based 
chemotherapy alone between January 2010 and December 2014 
were included because ICIs were not approved during this period in 
Japan. In total, 17,129 and 10,055 patients were allocated to the Pt 
and Pt + ICI groups, respectively. Based on the exclusion criteria 
shown in Supplementary Fig. S1, 11,514 patients were excluded 
from the study. Ultimately, 8,661 patients in the Pt group and 
7,009 in the Pt + ICI group were included for evaluation. The 
baseline characteristics of the patients are summarized in Supple-
mentary Table S6. A retrospective analysis of clinical treatment 
records was conducted to compare the cumulative incidence of 
hematologic events, including lymphoma, leukemia, and multiple 
myeloma, between the Pt and Pt + ICI groups. The analysis revealed 
that the Pt + ICI group had a significantly higher cumulative inci-
dence of hematologic events, particularly lymphoma, than the Pt 
group (Fig. 2B). We were unable to reliably distinguish B-cell 
lymphomas from T-cell lymphomas, owing to insufficient infor-
mation on histologic subtypes in the MDV database. A competing 
risk refers to a scenario in which the prior occurrence of another 
competing event, such as death or radiotherapy, prevents an event 
of interest (target event). The failure to appropriately account for 
competing risks can introduce bias into the analysis. The Gray test is 
widely recognized for its effectiveness in comparing cumulative 
incidence rates while accounting for competing risks (35, 36). In this 
study, two competing risks—death and radiotherapy—were con-
sidered among the censoring criteria to analyze the occurrence of 
hematologic events. Even after accounting for competing risks, such 
as death and censoring due to radiotherapy, the cumulative inci-
dence of hematologic events remained significantly higher in the 
Pt + ICI group than in the Pt group (Supplementary Fig. S5A; 
Supplementary Table S6). Additionally, the cumulative incidence of 
lymphoma remained significantly higher in the Pt + ICI group than 
in the Pt group after accounting for competing risks (death and 
radiotherapy; Supplementary Fig. S5B; Supplementary Table S6). In 
contrast, when stratified by leukemia or multiple myeloma alone, no 
significant difference in the cumulative incidence was observed 
between the two groups (Supplementary Fig. S6). To evaluate the 
robustness of our primary finding that ICI increases lymphoma risk, 
we conducted sensitivity analyses adjusting for potential unmea-
sured confounders, including age, sex, smoking history, and plati-
num agent type (cisplatin or carboplatin). Subgroup analysis 
demonstrated consistently elevated relative risks across all examined 
subgroups in the Pt + ICI group compared with the Pt group 
(Supplementary Table S7). We also confirmed a slight, but not 
dramatic, increase in both the crude and age-standardized incidence 
rates of lymphoma from 2010 to 2020 in Japan (Supplementary Fig. 
S7). Specifically, the age-standardized incidence rate of lymphoma 
increased approximately 1.5-fold over this period. Even after ac-
counting for this secular increase in background incidence, the el-
evated lymphoma risk observed among ICI-treated patients 
remained substantial: The relative risk of approximately 3.9 derived 

from the MDV analysis of the cumulative incidence of lymphoma 
events with ICIs was conservatively attenuated to an adjusted rela-
tive risk of about 2.5, which is still markedly high. These results 
indicate a potential association between ICI and an increased risk of 
hematologic events, particularly lymphoma. 

Therefore, we analyzed lymphoma cases associated with ICIs and 
their combination therapies using the WHO pharmacovigilance 
database from January 2017 to December 2023, the maximum du-
ration available. Supplementary Figure S2 presents a flowchart 
outlining the patient selection process. The results of this analysis 
are summarized in Supplementary Table S8. Notably, 133 cases were 
identified, with pembrolizumab (58 cases) and nivolumab (53 cases) 
being the most commonly reported ICIs. Among the lymphoma 
subtypes, non-Hodgkin B-cell lymphoma accounted for 58 cases, 
followed by unclassified lymphomas (40 cases) and non-Hodgkin 
T-cell lymphoma (17 cases). Although Boudou-Rouquette and col-
leagues (37) reported the potential for lymphoma development 
following ICI therapy using the same database in 2019, our current 
analysis revealed that lymphoma cases continued to be reported 
after 2019 in association with ICI therapy. These findings highlight 
the rare but significant risk of hematologic adverse events caused by 
ICIs, particularly lymphomas. 

TFH cells highly infiltrated into the tumor microenvironment, 
which could be activated by PD-1 blockade therapies 

Although PD-1 is expressed in various immune cell fractions, 
PD-1 blockade mainly promotes PD-1-expressing T-cell activation 
(38). Although PD-1 is reportedly expressed in B cells and can 
negatively regulate B-cell receptor signaling (39), PD-1 expression 
was limited in tumor-infiltrating B cells in our mouse experiments 
(Supplementary Fig. S4). In addition, PD-1 expression is also lim-
ited in B-cell lymphoma cells (40). Thus, we hypothesized that 
immune cells, particularly T cells, in the tumor microenvironment 
(TME) activated by PD-1 blockade may contribute to the develop-
ment of malignant lymphoma. We assessed CD4�-, CD8�-, and 
FOXP3-expressing cell infiltration in FFPE samples from these two 
cases. Compared with other cells, a substantial infiltration of CD4+ 

cells into the TME was observed and colocalized within the lymph 
follicles of malignant lymphoma, compared with CD8+ cells or 
FOXP3+ cells (Fig. 2C). We performed further multiplexed fluo-
rescent IHC with T-Bet and Bcl-6 to distinguish between TH1 and 
TFH cells because these CD4+ T-cell subsets reportedly express PD-1 
(41). The results showed that tumor-infiltrating CD4+ T cells were 
predominantly Bcl-6+CD4+ TFH cells (Fig. 2D). 

Therefore, we evaluated the effects of PD-1 blockade in TFH cells. 
To induce TFH cells, we used an established protocol as previously 
reported (34). Briefly, naı̈ve CD4+ T cells from mouse splenocytes 
were initially stimulated with gamma-irradiated APCs in the pres-
ence of anti-CD3 mAb and cultured in the medium supplemented 
with IL6 and IL21 for 4 days. PD-1+CXCR5+FOXP3�CD4+ T cells 
were used as TFH cells for subsequent experiments because 
Bcl6 expression in this fraction was higher than in the other fraction 
(Supplementary Fig. S8A; refs. 42, 43). We also used a noncom-
petitive PD-1 antibody clone, RMP1-14, as previously reported 
(Fig. 3A; refs. 44, 45). The frequency of TFH cells was increased by 
PD-1 blockade in the presence of gamma-irradiated APCs (Fig. 3A). 
ICOS, CD40L, TFH cell activation molecules, and Ki67, a marker of 
proliferative capacity, showed similar trends (Fig. 3B–D). IL4 and 
IL21 production in TFH cells also increased after the PD-1 blockade 
(Fig. 3E and F). Overall, TFH cells highly infiltrated the TME of 
malignant lymphomas that developed during PD-1 blockade 
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therapies, and PD-1 blockade activated TFH cells, which could have 
an impact on malignant lymphoma cells. 

IL4/IL4R or IL21/IL21R axis provided by TFH cells can promote 
malignant lymphoma proliferation 

As IL4 and IL21 produced by TFH cells have been reported to be 
associated with the progression of malignant lymphoma (27–31), we 
assessed the impact of these factors on the proliferation of malig-
nant lymphoma cells. After confirming the expression of the com-
mon γ chain (CD132), we retrovirally overexpressed the IL4 and 
IL21 receptors in the malignant lymphoma cell line E.G7 (E.G7/Il4r/ 
Il21r; Supplementary Fig. S9A). In vitro experiments showed that 
the proliferation of E.G7/Il4r/Il21r, but not E.G7/Mock, was pro-
moted in the presence of IL4 or IL21, which was abrogated by IL4 or 
IL21 blockade, respectively (Fig. 4A and B). When we evaluated the 
proliferation with CFSE, similar trends were observed (Supple-
mentary Fig. S9B–S9E). We evaluated the downstream pathways of 
IL4 and IL21 using Western blotting. Consistently, E.G7/Il4r/Il21r 

cells treated with IL4 or IL21 had higher levels of pSTAT6 or 
pSTAT3, which were abrogated by IL4 or IL21 blockade, respec-
tively (Fig. 4C and D). In contrast, the expression in E.G7/Mock 
cells was comparable with or without treatment (Fig. 4C and D). 

We investigated the proliferation of E.G7/Il4r/Il21r under the 
condition of coculture with TFH cells in vitro. CD40, which directly 
interacts with CD40L expressed in TFH cells, was not expressed in 
E.G7 cells, suggesting that direct TFH–tumor cell interactions play 
only a minor role in this model (Supplementary Fig. S9F). Thus, we 
used a transwell system during the coculture to specifically evaluate 
the effects of TFH cell–derived cytokines. As expected, the prolif-
eration of E.G7/Mock cells was comparable across all conditions, 
whereas the proliferation of E.G7/Il4r/Il21r cells was selectively 
promoted in the presence of TFH cells induced as described above, 
but not in the presence of naı̈ve CD62L+CD25�CD4+ T cells 
(Fig. 4E). In addition, this enhanced proliferation was specifically 
inhibited by IL4/IL21 blockade (Fig. 4F). These results indicate that 
IL4 and IL21 produced by TFH cells can promote the proliferation of 
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Figure 3. 
CD4+ TFH cell activation by PD-1 blockade in vitro. Purified mouse näıve CD4+ T cells were initially stimulated with gamma-irradiated APCs in the presence of 
anti-CD3 mAb and cultured in the medium supplemented with IL6 and IL21 for 4 days. Anti–PD-1 mAb was added on day 4. After 24 hours, the frequency of TFH 

cells (A); ICOS (B), CD40L (C), and Ki67 (D) expression; and IL4 (E) and IL21 (F) production in TFH cells were analyzed via flow cytometry. We gated TFH cells as 
PD-1+CXCR5+FOXP3�CD4+ T cells. Representative flow cytometry staining (left) and summaries (right) are shown. In vitro experiments were performed in 
triplicate independently using three samples per group. Two-sided t tests were used for statistical analyses. *, P < 0.05; **, P < 0.01. 
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malignant lymphoma cells when they express their corresponding 
receptors. 

PD-1 blockade promotes malignant lymphoma proliferation 
through the activation of TFH cells in vivo 

To clarify whether TFH cells activated by the PD-1 blockade lead to 
the progression of malignant lymphoma, we conducted in vivo ex-
periments. The control E.G7/Mock tumors responded to PD-1 
blockade in wild-type mice, whereas E.G7/Il4r/Il21r tumors not only 
failed to respond but also exhibited accelerated growth upon PD-1 
blockade (Fig. 5A). When we used another lymphoma A20 cell line, 
similar trends were observed in A20/Il4r/Il21r tumors (Supplementary 
Figs. S9G and S10A). In Cd4creBcl6flox/flox mice lacking TFH cells 
(Supplementary Fig. S10B), the E.G7/Il4r/Il21r tumors were not exac-
erbated by PD-1 blockade but were comparable with the control tumors 
(Fig. 5B). By comparing the untreated groups for both E.G7/Mock and 
E.G7/Il4r/Il21r in wild-type and Cd4creBcl6flox/flox mice, tumor growth 

was comparable between wild-type and Cd4creBcl6flox/flox mice, indi-
cating that TFH cells could promote tumor progression, particularly 
during PD-1 blockade in the E.G7 model. Although B cells in TILs 
showed high CXCR5 expression, they were identified as CD3�B220+ 

cells with minimal PD-1 expression. In contrast, TFH cells showed 
relatively low CXCR5 but clearly high PD-1 expression and were also 
defined as PD-1+CXCR5+FOXP3�CD4+CD3+ T cells in TILs (Sup-
plementary Figs. S3 and S4; refs. 42, 43). Accordingly, Bcl6 was 
coexpressed in this fraction, and the expression was higher than in 
the other fraction from dLNs (Supplementary Fig. S8B; refs. 42, 43). 
PD-1 blockade increased TFH cells, elevated ICOS and CD40L ex-
pression, and increased IL4 and IL21 production in TILs (Fig. 5C–G). 
Because TFH/B-cell interactions mainly take place in the dLNs, we 
additionally analyzed the dLNs using the same mouse models. 
ICOS, CD40L, IL4, and IL21 expression were significantly higher in 
TFH cells than in non-TFH/Treg CD4+ T cells within dLNs (Sup-
plementary Fig. S10C–S10F). Following PD-1 blockade, both the 
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Figure 4. 
Influence of IL4 and IL21 produced by CD4+ TFH cells on lymphoma cells expressing the corresponding receptors. A, Cellular proliferation of E.G7/Mock and E.G7/ 
Il4r/Il21r cells in the presence of IL4. Cells were treated with IL4 at the indicated concentrations with or without anti-IL4 mAb. After 48 hours, the proliferation 
was assessed using a CCK-8 assay, and summaries (left, E.G7/Mock; right, E.G7/Il4r/Il21r) are shown. B, Cellular proliferation of E.G7/Mock and E.G7/Il4r/Il21r cells 
in the presence of IL21. Cells were treated with IL21 at the indicated concentrations, with or without anti-IL21R mAb. After 48 hours, the proliferation was 
assessed using a CCK-8 assay, and summaries (left, E.G7/Mock; right, E.G7/Il4r/Il21r) are shown. C and D, Western blotting of the STAT6 (C) and STAT3 (D) 
signaling pathways. Following treatment with IL4 (C) or IL21 (D) for 30 minutes, cells were collected, and the whole-cell lysates were analyzed. E, Cellular 
proliferation of E.G7/Mock and E.G7/Il4r/Il21r cells cocultured with näıve CD4+ T cells or TFH cells. CD62L+CD25�CD4+ T cells (näıve CD4+ T cells) were sorted 
from mouse splenocytes, and PD-1+CXCR5+CD25�CD4+ T cells (TFH cells) were sorted from mouse splenocytes cultured under the TFH cell induction condition, 
which were subsequently cocultured with E.G7 cells using a transwell plate. After 48 hours, the proliferation was assessed using a CCK-8 assay, and summaries 
(left, E.G7/Mock; right, E.G7/Il4r/Il21r) are shown. F, Cellular proliferation of E.G7/Il4r/Il21r cells cocultured with TFH cells in the presence of anti-IL4 and/or IL21R 
mAbs. The proliferation was evaluated as described in E with or without anti-IL4 and/or IL21R mAbs, and a summary is shown. In vitro experiments were 
performed in triplicate independently using three samples per group. One-way ANOVA with Bonferroni correction was used in A, B, E, and F for statistical 
analyses. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. 
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frequency of TFH cells and their expression of ICOS, CD40L, IL4, 
and IL21 further increased, whereas the expression of these mole-
cules in non-TFH/Treg CD4+ T cells remained comparable (Sup-
plementary Fig. S10C–S10G). In addition, the frequencies of B cells 

and GL7+FAS+ GC B cells also increased after PD-1 blockade 
(Supplementary Fig. S10H and S10I). In contrast, PD-1 blockade 
had comparable effects on Treg cells in TILs (Supplementary Fig. 
S10J and S10K). 
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Figure 5. 
In vivo efficacy of PD-1 blockade against IL4R/IL21R-expressing tumors. A and B, Tumor growth of E.G7 in wild-type mice (A) and Cd4creBcl6fl/fl (B) mice. 
E.G7 cells were injected subcutaneously, and the tumor volume was monitored twice a week. The means of the long and short tumor diameters were used to 
generate tumor growth curves. The mice were grouped on day 7, and the anti–PD-1 mAb or control mAb was administered intraperitoneally three times every 
3 days. Tumor growth curves (left, E.G7/Mock; right, E.G7/Il4r/Il21r) are shown. C–G, TIL analyses in wild-type mice. In vivo experiments were performed as 
described in A. Tumors were harvested 7 days after treatment initiation for TIL analysis. The frequency of CD4+ TFH cells in TILs (C), ICOS (D), and CD40L (E) 
expression and IL4 (F) and IL21 (G) production in tumor-infiltrating TFH cells were analyzed via flow cytometry. For intracellular cytokine assays, cells were 
stimulated with anti-CD3 and CD28 mAbs. We gated TFH cells as PD-1+CXCR5+FOXP3�CD4+ T cells. Representative flow cytometry staining (left) and summaries 
(right) are shown. In vivo experiments were performed at least twice. Two-way ANOVA was used in A and B, and two-sided t tests were used in C–G for 
statistical analyses. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. 
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The CD40L/CD40 axis provided by TFH cells can also promote 
malignant lymphoma proliferation 

In addition to IL4 and IL21, CD40L expression in TFH cells has 
been reported to be related to the progression of malignant lym-
phoma, and our TIL analyses showed that CD40L expression in 
TFH cells was elevated by PD-1 blockade (31). Thus, we retrovirally 
overexpressed CD40 in E.G7 cells (E.G7/Cd40), but sCD40L did 
not promote proliferation (Supplementary Fig. S9F and S9H). 
Considering the differences in the downstream pathways, we used 
the A20 cell line. Because this cell line expressed CD40, we created 
a CD40 knockout A20 cell line using the CRISPR/Cas9 system 
(A20/Cd40KO; Supplementary Fig. S9I). Although proliferation 
was comparable between control A20 and A20/Cd40KO cells, 
sCD40L promoted proliferation in control A20 cells, but not in 
A20/Cd40KO cells (Fig. 6A). This promoted proliferation was 
inhibited by CD40 blockade (Fig. 6A). We evaluated the down-
stream pathways of CD40 using Western blotting, which showed 
that control A20 cells treated with sCD40L had a higher level of 
pAKT, which was reversed by CD40 blockade (Fig. 6B). In con-
trast, the levels in the A20/Cd40KO cells were comparable 
(Fig. 6B). Accordingly, A20 tumors grew rapidly with no response 
to PD-1 blockade compared with A20/Cd40KO tumors, which 
showed slow growth with response (Fig. 6C). These findings in-
dicate that in the absence of CD40 signaling, the dominant effect 
of PD-1 blockade is to enhance antitumor immunity, underscoring 
the importance of CD40 signaling pathways in the A20 tumor 
model, which seems to be different from those in the E.G7 tumor 
model. In contrast, as shown in Supplementary Fig. S10A, A20/ 
Il4r/Il21r tumors exhibited accelerated growth upon PD-1 block-
ade, suggesting that strong TFH cell–derived cytokine signaling, in 
addition to CD40 input, can override the antitumor immune 

response when the corresponding receptors are abundantly 
expressed on lymphoma cells. 

PD-1 blockade can promote malignant lymphoma progression 
via TFH cells 

Finally, we stained IL4R, IL21R, and CD40 in the two patients 
who developed malignant lymphoma during PD-1 blockade thera-
pies. Consistent with this, we observed their expression in lym-
phoma cells (Supplementary Fig. S11). Overall, tumor-infiltrating 
TFH cells activated by the PD-1 blockade promote malignant lym-
phoma progression via the IL4/IL4R, IL21/IL21R, and CD40L/ 
CD40 axes when the lymphoma cells express the corresponding 
receptors. 

To compare other lymphomas in the absence of ICI treatment, 
we examined 10 conventional B-cell lymphomas, including FL and 
DLBCL (Supplementary Fig. S12). We found that three of the five 
FLs and two of the five DLBCLs exhibited high TFH cell infiltration 
(Supplementary Figs. S13 and S14; Supplementary Table S1). No-
tably, both DLBCLs with high infiltration were of the GC B cell–like 
subtype (GCB-DLBCL). Furthermore, IL4R, IL21R, and CD40 ex-
pressions were high in all FL cases but heterogeneous in DLBCL 
(Supplementary Fig. S15; Supplementary Table S1). These suggest 
that such lymphoma subtypes also have the potential for develop-
ment during ICI treatment. 

Discussion 
ICIs have been considered viable and attractive treatment options 

for patients with various types of cancer, including lung cancer, and 
a huge number of patients have received ICIs worldwide for years 
(2–5). Thus, the novel and unexpected complications of long-term 
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Figure 6. 
Influence of CD40 signaling in CD40-expressing lymphoma cells. A, Proliferation of A20 and A20/Cd40KO cells in the presence of sCD40L. Cells were treated 
with sCD40L at the indicated concentrations, with or without anti-CD40 mAb. After 48 hours, the proliferation was assessed using a CCK-8 assay, and 
summaries (left, A20; right, A20/Cd40KO) are shown. B, Western blotting for the PI3K signaling pathways. Following treatment with sCD40L for 30 minutes, 
cells were collected and the whole-cell lysates were analyzed. C, Tumor growth of A20 in wild-type mice. A20 cells were injected subcutaneously, and the tumor 
volume was monitored twice a week. The means of the long and short tumor diameters were used to generate tumor growth curves. The mice were grouped on 
day 7, and the anti–PD-1 mAb or control mAb was administered intraperitoneally three times every 3 days. Tumor growth curves (left, A20; right, A20/Cd40KO) 
are shown. In vitro experiments were performed in triplicate independently using three samples per group, and in vivo experiments were performed at least 
twice. One-way ANOVA with Bonferroni correction was used for statistical analyses A and B. Two-way ANOVA was used in C. *, P < 0.05; **, P < 0.01; ns, not 
significant. 

AACRJournals.org Clin Cancer Res; 2026 OF11 

PD-1 Blockade and B-cell Malignancies 
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
c
l
i
n
c
a
n
c
e
r
r
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
d
o
i
/
1
0
.
1
1
5
8
/
1
0
7
8
-
0
4
3
2
.
C
C
R
-
2
5
-
3
4
0
6
/
3
7
9
4
8
5
8
/
c
c
r
-
2
5
-
3
4
0
6
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
2
5
 
M
a
y
 
2
0
2
6

https://aacrjournals.org/


use are becoming more apparent. Among these complications, we 
found a higher incidence of hematologic malignancies, especially 
malignant lymphoma, in patients with lung cancer treated with PD- 
1 blockade therapy than in those without, based on large-scale real- 
world data analyses. We identified two cases of B-cell lymphoma 
after PD-1 blockade therapy, in which the histology was MALT 
lymphoma or primary cutaneous follicle center lymphoma with a 
large amount of TFH cell infiltration. In our in vitro and in vivo 
experiments, PD-1 blockade activated TFH cells, promoting malig-
nant cell proliferation with the corresponding receptors via cytokine 
production and CD40L expression. Although previous reports have 
shown the incidence of hematologic malignancies after ICI treat-
ment (37, 46), our study provides mechanistic insight into how 
malignant lymphoma may develop during ICI treatment. 

The TFH cells provide essential assistance to B cells for an ef-
fective antibody-mediated immune response. In addition to their 
crucial functions in infection and vaccination, their involvement in 
cancer has begun to emerge (26). TFH cell infiltration in various 
solid tumors of nonlymphocytic origin is associated with better 
prognosis and is involved in tertiary lymphoid structures (TLS; refs. 
23–26). Several groups, including ours, have demonstrated that TFH 
cell infiltration with TLS enhances antitumor immunity and ICI 
efficacy by promoting CD8+ T cells in solid tumors (11, 21–23). 
Consistent with this, we also observed that TFH cell knockout im-
paired ICI efficacy, as shown in Fig. 5. In particular, IL4 and 
IL21 produced by TFH cells activated by PD-1 blockade strongly 
support the CD8+ T cells that attack tumor cells (21–23). In contrast 
to solid tumors, TFH cells in B-cell malignancies are often associated 
with unfavorable outcomes (26–31). This could be explained by the 
presence of several factors in TFH cells, including IL4, IL21, and 
CD40L (27–31). These factors originally promote B-cell survival and 
proliferation (13, 26). Thus, when malignant B cells express their 
corresponding receptors, TFH cells can promote malignant cell 
survival and proliferation (14–16, 26). In addition, our experiments 
have shown that PD-1 blockade activates tumor-infiltrating TFH 
cells along with high IL4 and IL21 production and high CD40L 
expression because TFH cells highly express PD-1. As a result, in 
malignant cells harboring the corresponding receptors, tumor cell 
survival and proliferation are promoted in a manner that may 
surpass the elimination mechanisms mediated by CD8+ T cells with 
the help of TFH cells. We also acknowledge that in our in vitro 
system, the frequency of induced TFH cells was relatively modest 
compared with some published protocols, likely reflecting the dif-
ferences in stimulation conditions (APC-priming or antigen-specific 
stimulation; ref. 34). However, the comparison between TFH cell– 
deficient and control mice in vivo supports the notion that even a 
numerically small TFH cell fraction can exert biologically meaningful 
effects on lymphoma progression. Furthermore, although PD-1 
expression was limited in tumor-infiltrating B cells in our mouse 
experiments, PD-1 is reportedly expressed in B cells and can neg-
atively regulate B-cell receptor signaling (39), suggesting possible 
B cell–intrinsic effects of PD-1 blockade and potential B-cell feed-
back on TFH cell activation. We found two patients who developed 
B-cell lymphoma after PD-1 blockade therapy, and these lympho-
mas had the corresponding receptors with a huge amount of TFH 
cell infiltration. This is consistent with previous studies showing 
unfavorable outcomes in B-cell malignancies (27–31). In addition, a 
significant proportion of lymphomas in the absence of ICI treat-
ment, particularly GC-derived lymphomas such as FL and GCB- 
DLBCL, also exhibited substantial TFH cell infiltration and expressed 
the corresponding receptors, consistent with previous reports (47, 

48). These findings suggest that such lymphomas also have the 
potential to develop during ICI treatment. Overall, TFH cells are 
double-edged swords. In other words, they can help CD8+ T cells 
that attack tumor cells but can promote the survival and prolifer-
ation of B-cell malignant cells harboring the corresponding recep-
tors (IL4/IL21 receptors and CD40). 

Our A20 tumor models further illustrate this context-dependent 
balance. In control A20 tumors, which express CD40 but do not 
overexpress IL4R/IL21R, PD-1 blockade did not result in a mea-
surable net change in tumor growth, consistent with a scenario in 
which TFH cell–derived CD40 input and enhanced antitumor im-
munity approximately counterbalance each other. In A20/Cd40KO 
tumors, CD40-mediated input is lost, and PD-1 blockade predom-
inantly amplifies antitumor immunity, leading to reduced tumor 
growth. Conversely, in A20/Il4r/Il21r tumors, PD-1 blockade en-
hanced tumor growth, indicating that strong TFH cell–derived IL4/ 
IL21 cytokine signaling, in addition to CD40-mediated input, can 
tip the balance toward lymphoma promotion despite concomitant 
activation of antitumor immunity. Together, these findings support 
a unified model in which PD-1 blockade–induced TFH cell activa-
tion exerts opposing effects, with the net outcome depending crit-
ically on the receptor profile of the malignant B cells and the balance 
between TFH cell–derived trophic signals and antitumor immunity. 

Several studies have reported a reduced risk of solid tumors in 
patients treated with ICIs, suggesting that ICIs also inhibit micro 
solid tumors (49–52). However, unlike the present study, these 
studies did not focus on hematologic malignancies. In contrast, 
other previous studies have shown the incidence of hematologic 
malignancies after ICI treatment (37, 46), and the present study 
showed a higher incidence and one of the detailed mechanisms. In 
addition, PD-1 blockade therapies have been used for hematologic 
malignancies, showing disappointing results except for Hodgkin 
lymphoma (40, 53–57). In particular, high frequencies of progres-
sive disease (PD) have been observed in clinical trials, which may be 
partially explained by our findings (55–57). In other words, TFH 
cells activated by PD-1 blockade could promote the survival and 
proliferation of malignant cells harboring the corresponding re-
ceptors (IL4, IL21, and CD40) in such patients. Thus, these recep-
tors could be used as PD markers for PD-1 blockade therapy in 
hematologic malignancies. However, considering their roles as 
double-edged swords, they can also help CD8+ T cells that attack 
malignant cells in responders. 

MALT and primary cutaneous follicle center lymphomas are 
classified as indolent B-cell lymphomas, and malignant cell prolif-
eration is generally slow (58). Given the supportive roles of TFH 
cells, the slow proliferation of malignant cells, and limited PD-1 
expression in B-cell lymphoma cells, TFH cells activated by PD-1 
blockade may be related to the proliferation of B-cell malignancies 
rather than direct carcinogenesis. Although we did not find other 
types of lymphoma, such as DLBCL, during ICI treatment, FL and 
GCB-DLBCL could also have the potential to develop during ICI 
treatment because they have abundant TFH cell infiltration, as ob-
served by us (47, 48). 

ICIs reportedly contribute to long-term survival in patients with 
lung cancer (59), which could be related to the higher incidence of 
hematologic malignancies in patients who received ICIs in our co-
hort. To avoid such biases, we analyzed only 1-year clinical courses 
after the initiation of first-line chemotherapies with or without ICIs, 
while also accounting for death as a competing risk, showing a 
higher incidence (∼3.9). However, analyzing patients over a longer 
period might reveal an even higher incidence, as seen in cases we 
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identified in which lymphomas were diagnosed more than 2 years 
after the initiation of PD-1 blockade therapy. Otherwise, we could 
not directly compare the frequencies during the same period be-
cause most patients used ICIs after approval, and the small subset of 
patients who did not receive ICIs did so due to specific clinical 
circumstances. Although approved cytotoxic chemotherapies for 
lung cancer remained almost unchanged during this period, our 
analyses could have included some biases. At the population level, 
national cancer registry data indicate that the incidence of lym-
phoma in Japan has increased modestly over the study period 
(∼1.5), which could potentially introduce bias. Importantly, even 
after accounting for this temporal increase in background incidence, 
the occurrence of lymphoma in the Pt + ICI group remained sub-
stantially higher (∼2.6), suggesting that the observed association 
cannot be explained solely by temporal trends in lymphoma epi-
demiology. Moreover, our study provides complementary mecha-
nistic evidence both in vitro and in vivo, which helps mitigate 
concerns about potential bias. A further limitation of our clinical 
database analysis is that we were unable to reliably distinguish B-cell 
lymphomas from T-cell lymphomas in the MDV database, owing to 
insufficient information on histologic subtypes. In the WHO 
pharmacovigilance database, however, B-cell lymphomas accounted 
for many of the events. In addition, both our pathologically con-
firmed cases were B-cell lymphomas with abundant TFH cell infil-
tration. Thus, we focused our experimental work on the TFH B–cell 
axis. In contrast, PD-1 also functions as a haplo-insufficient tumor 
suppressor in T-cell lymphomas (60, 61), and our data do not ex-
clude an increased risk of T-cell lymphomas under PD-1 blockade. 
Overall, larger prospective studies are required to accurately eluci-
date their frequency and clinicopathologic features. 

In summary, we found a higher incidence of hematologic 
malignancies, especially B-cell malignancies, in patients with 
lung cancer treated with PD-1 blockade therapy than in those 
without, based on large-scale data analyses. Our identified B-cell 
lymphoma after PD-1 blockade therapies had large amounts of 
TFH cell infiltration, and PD-1 blockade could activate TFH cells, 
promoting lymphoma proliferation via the IL4/IL4R, IL21/ 
IL21R, and CD40L/CD40 axes in vitro and in vivo. These findings 
provide novel insights into potential B-cell malignancy compli-
cations in clinical settings in which ICIs are used, to which at-
tention should be paid. 
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