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Abstract: Objective: To evaluate the diagnostic use of integrating multi-parameter flow cytometry (FCM), histopa-
thology, and gene mutation analysis for lymphoma classification using intact lymph node (LN) samples. Methods: 
Intact LN samples from 109 patients with lymphadenopathy were retrospectively analyzed by pathology, multi-color 
FCM, and next-generation sequencing (NGS) targeting 62 lymphoma-related genes. Results: FCM immunopheno-
typing showed high concordance with pathology (56/56 lymphoma cases detected by FCM were pathologically 
confirmed). PD-1 on T cells was significantly elevated in B-cell lymphoma (BCL), especially diffuse large BCL (DLBCL) 
(P<0.05). All BCLs exhibited monotypic intracellular cKappa or cLambda expression. Significant differences in cell 
size (FSC) were observed: Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma (CLL/SLL) (mean FSC: 
89.42±6.01) and Follicular Lymphoma cells (FL; 93.88±4.94) were smaller than normal B-cells (102.09±11.58), 
while DLBCL cells (121.84±9.17) were larger (all P<0.05). Subtypes showed distinct mutation profiles, including 
IGHV (9/11) in CLL/SLL; BCL2 (5/7) and EZH2 (4/7) in FL; and BCL6 (5/13) in DLBCL. Mutation-guided FCM con-
firmed BCL2 protein expression in two FL cases and BCL6 in one DLBCL case. T/NK-cell lymphomas showed aber-
rant antigen expression and restricted TRBC1 clonality (1.17%±1.61% or >96.4%) outside the normal polyclonal 
range (36.60%±7.21%). Conclusion: FCM on intact LNs is a robust tool with high pathologic concordance. Integrat-
ing genetic mutation data with FCM provides a powerful, multi-parameter strategy. This approach moves beyond 
standard immunophenotyping to include mutation-associated antigens, thereby refining lymphoma classification 
and enhancing diagnostic accuracy.
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Introduction

Lymphoma is a highly heterogeneous hema- 
tologic malignancy with a rising incidence in 
China, where implementing a multi-modal diag-
nostic approach is not an easy task [1-3]. 
Diagnosis primarily relies on histopathology 
and immunohistochemistry (IHC) of excised 
lymph node [4]. Multi-parameter flow cytometry 
(FCM) has emerged as a potent and fast 
adjunct, providing quantitative, single-cell anal-
ysis essential for diagnosis, subtyping, and 
staging [5, 6]. Technological developments 
have further expanded the antibody panels 
available forFCM, enabling increasingly com-
plex immunophenotyping [7, 8].

The main strength of FCM lies in its ability to 
rapidly detect cellular clonality, which is a  
hallmark distinguishing neoplastic lymphoid 
proliferations from reactive polyclonal process-
es. In most B-cell lymphomas, light-chain 
restriction remains a powerful indicator of clon-
ality [9, 10]. Diagnosis of T-cell and NK-cell lym-
phomas is more challenging due to the absence 
of specific markers; these diagnoses rely largely 
on identifying aberrant expression of pan-T-cell 
antigens (CD2, CD3, CD5, CD7) and abnormal 
CD4/CD8 expression patterns [11, 12]. Re- 
cently, the analysis of T-cell clonality has been 
enhanced by a new breakthrough, namely T- 
cell receptor constant 1 (TRBC1) analysis by 
FCM [13, 14].
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Regardless of its strength, the clinical use of 
FCM in the diagnosis of primary lymphoma is 
usually constrained by sample type. FCM is 
most commonly performed on peripheral blood, 
bone marrow, or body fluid, which are informa-
tive only when the lymphoma has disseminated 
or has leukemic involvement [15]. Although 
fine-needle aspiration (FNA) of lymph nodes is 
increasingly utilized, its low cellularity limits the 
breadth of antibody profiles that can be applied 
and prevents evaluation of tissue architecture, 
hence, hindering a complete classification [16]. 
Excisional lymph node biopsy remains the  
preferred specimen type for histopathologic 
assessment; however, the use of FCM on these 
tissues is still limited [17, 18]. Employing com-
prehensive FCM on single-cell suspensions 
derived from intact lymph nodes represents a 
fundamental step toward streamlining the diag-
nostic process.

Moreover, contemporary lymphoma diagnosis 
is increasingly evolving into a multimodal  
diagnosis encompassing morphology, immuno-
phenotyping, and increasingly, molecular and 
genetic data. The 2022 World Health Or- 
ganization (WHO) classification places greater 
emphasis on recurrent genetic abnormalities to 
more accurately define lymphoma subtypes 
[19]. Recently, genetic analysis (NGS) and 
immunophenotyping (FCM) are often per-
formed as independent, parallel operations, 
resulting in an information gap that limits the 
full diagnostic potential achievable by applying 
these two potent technologies.

In this study, the main innovation was in 
addressing this gap by proposing a mutation-
guided immunophenotyping strategy. We hy- 
pothesize that genetic mutation data should 
not be only used as a prognostic or a classifica-
tion indicator, but also as a direct basis for 
refining FCM analysis. For example, an intracel-
lular FCM assay should first be performed to 
evaluate BCL2 protein expression before the 
identification of a BCL2 mutation using NGS. 
This creates a feedback mechanism, in which 
the mutant (genotype) is validated at the func-
tional protein level (phenotype), thereby re- 
fining the immunophenotypic characterization 
of lymphoma.

Clinically, this integrated method has the ab- 
ility to provide a more potent, unified and 
speedy diagnostic workflow. Accordingly, this 

study aimed to: 1) Assess the diagnostic con-
cordance between FCM and histopathology in 
intact lymph node samples; 2) characterize  
the informative immunophenotypic profiles and 
corresponding gene mutation landscapes ac- 
ross diverse lymphoma subtypes; and 3) dem-
onstrate the novel application of gene mutation 
analysis for identifying tumor-associated anti-
gens, enabling tailored lymphoma immunophe-
notyping and enhanced diagnostic accuracy.

Materials and methods

Study design and patient selection

We retrospectively reviewed the records of 152 
patients with lymphadenopathy treated at 
Quanzhou First Hospital between January 2020 
and December 2023. A total of 109 patients 
who underwent lymphadenectomy and had suf-
ficient archival lymph node samples available 
for both flow cytometry and NGS analysis were 
included in the final cohort. Among them, 43 
patients were excluded due to: (1) incomplete 
clinical data (n=18); (2) inability to obtain an 
intact lymph node sample (n=21); and (3) refus-
al to sign the informed consent form (n=4). A 
final cohort of 109 patients was included in this 
retrospective analysis (Figure 1).

This study adhered to the principles outlined in 
the Declaration of Helsinki and was approved 
by the Ethics Committee of Quanzhou First 
Hospital Affiliated to Fujian Medical University 
(approval number 2022106). Written informed 
consent was obtained from all participants or 
their guardians.

Inclusion criteria: Patients presenting with 
lymphadenopathy (>1.5 cm) confirmed by clini-
cal examination or imaging. Exclusion criteria: 
(1) Patients undergoing only fine-needle aspira-
tion (FNA) or core needle biopsy, failing to pro-
vide intact lymph nodes; (2) Samples with 
extensive necrosis or insufficient cellularity; (3) 
Patients with a definitive non-lymphoma diag-
nosis prior to biopsy.

Data extraction and laboratory procedures

Sample collection and histopathologic analy-
sis: Fresh lymph node samples obtained during 
surgery were processed for routine pathology 
and flow cytometry. Residual samples were 
stored/banked. For this study, genetic muta-
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Figure 1. Flow diagram of patient selection.

tion analysis (NGS) was performed on archived 
DNA samples extracted from the specimens. 
Samples were sent for routine pathologic exam-
inations, including H&E staining and immuno-
histochemistry, with diagnoses confirmed by 
two or more pathologists.

FCM immunophenotyping: In addition, lymph 
node specimens were sent to the hematology 
laboratory for FCM. Lymph nodes were mashed 
through a 200 μm nylon mesh filter (BD Falcon, 
USA) and centrifuged at 1000 rpm for 5 min. 
After discarding the supernatant, the pellet was 
washed three times, and a single cell suspen-
sion was prepared in normal saline at a final 
density of 5×106 cells/ml. Antibodies from the 
screening panel (Table 1) were added to 100 μl 
sample for 15 min. FCM analysis was per-

formed using a Navios 3- 
laser 10-color flow cytometer 
(A53367, Beckman Coulter) 
and Kaluza analysis software 
(C00155, Beckman Coulter).

If abnormal B cells were de- 
tected, intracellular light-chain 
assessment was performed. 
Briefly, 100 μL of the sample 
was incubated with intracellu-
lar cKappa and cLambda anti-
bodies for 15 min, followed by 
fixation with 10 μL of IntraPrep 
Reagent 1 (A07803, Beckman 
Coulter) and red blood cell lysis 
using 200 μL of OptiLyse C 
(A11894, Beckman Coulter) 
for 15 min. The sample was 
then centrifuged at 1200 rpm 
for 5 min, after which the 
supernatant was discarded. 
200 μl of IntraPrep Reagent 2 
(A07803, Beckman Coulter), 
10 μl Kappa and 10 μl lambda 
were added and incubated for 
20 min. Additional staining 
with the B-cell antibody panel 
was performed (Table 1).

All antibodies used in this 
study are detailed in Table 1. 
Kappa, lambda, sIgM, and ter-
minal deoxynucleotidyl trans-
ferase (TdT) antibodies were 
purchased from Dako Denmark 

AS (Glostrup, Denmark). The TRBC1 antibody 
was purchased from Caprico Biotechnologies.

Antigen expression was classified according to 
the percentage of positively labeled cells and 
fluorescence intensity (Supplementary Figure 
1): “-” (negative expression) if the positively 
labeled cell population was ≤15%; “+” (positive 
expression) if the positively labeled cell popula-
tion was ≥70%; “+/-” (partial expression) if the 
positively labeled cell population was 15-70%; 
“++” or “+++” (strong expression) if the posi-
tively labeled cell population was ≥70% and its 
fluorescence intensity exceeded that of the 
positive control; and “dim+” (weak expression) 
if the exceeded population was ≥70% but its 
fluorescence intensity was lower than that of 
the positive control.
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Table 1. Antibody panels used in flow cytometric immunophenotyping of lymphomas
Classification Antibody Panel
Screening panels CD2-FITC/CD7-PE/CD5-PC5.5/CD4-PC7/CD3-APC/CD45-KO/CD8-APCCY7

Kappa-FITC/Lambda-PE/CD5-PC5.5/CD19-PC7/CD20-APC/CD45-KO/CD10-APCCY7
Additional panels
    B cell lymphoma CD274-FITC/CD279-PE/CD3-PC5.5/CD19-PC7/CD56-APC/CD45-KO

CD71-FITC/CD43-PE/CD19-PC7/CD79b-APC/CD45-KO
FMC7-FITC/CD200-PE/CD123-PC5.5/CD19-PC7/CD23-APC/CD45-KO
CD103-FITC/CD25-PE/CD22-PC5.5/CD19-PC7/CD11c-APC/CD45-KO
sIgM-FITC/CD81-PE/CD38-PC5.5/CD19-PC7/IgD-APC/CD45-KO

    T/NK cell lymphoma TCR-αβ-FITC/TCR-γδ-PE/CD3-PC5.5/CD(2 OR 5 OR 7)-PC7/TRBC1-APC/CD45-KO
CD45RA-FTIC/CD45RO-PE/CD3-PC5.5/CD(2 OR 5 OR 7)-PC7/CD30-APC/CD45-KO
CD57-FITC/CD161-PE/CD3-PC5.5/CD(2 OR 5 OR 7)-PC7/CD94-APC/CD45-KO
CD16-FITC/CD26-PE/CD25-PC5.5/CD(2 OR 5 OR 7)-PC7/CD3-APC/CD45-KO
CD1A-FITC/CD99-PE/CD3-PC5.5/CD(2 OR 5 OR 7)-PC7/CD56-APC/CD45-KO

    T-ALL/LBL CD9-FITC/CD117-PE/CD33-PC5.5/HLADR-PC7/CD34-APC/CD45-KO
CD15-FITC/CD11b-PE/CD13-PC5.5/CD16-PC7/CD34-APC/CD45-KO
CD65-FITC/CD64-PE/CD14-PC5.5/CD4-PC7/CD34-APC/CD45-KO
CD71-FITC/CD34-PE/CD123-PC5.5/CD61-PC7/CD36-APC/CD45-KO
CD38-FITC/CD10-PE/CD20-PC5.5/CD19-PC7/CD34-APC/CD45-KO
cTDT-FITC/MPO-PE/cCD3-PC5.5/CD34-PC7/CD79a-APC/CD45-KO

Genetic mutation analysis: The lymphoma sam-
ples identified by FCM were sent to Nanjing 
Practice Medical Diagnostics Co., Ltd. for NGS 
to analyze mutations in 62 genes and TCR  
gene rearrangement related to lymphoma 
(Supplementary Table 1).

Outcome measures

The primary outcome of this study was the diag-
nostic concordance between multi-parameter 
FCM and histopathologic outcome using intact 
excisional lymph node samples. Secondary out-
come measures included: 1) Characterization 
and comparison of immunophenotypic profiles 
(e.g., cell size, antigen expression) across vari-
ous lymphoma subtypes, and their associated 
gene mutation landscapes; and 2) Evaluation 
of the use of a “mutation-guided” immunophe-
notyping strategy, in which genetic mutations 
(e.g., BCL2, BCL6) were used to guide subse-
quent FCM analysis for corresponding protein 
expression, thereby refining the lymphoma 
classification.

Statistical analysis

Statistical analysis was performed using SPSS 
25.0 (IBM Corp., USA). Categorical data were 

described as counts (n) and percentages (%) 
and compared between groups using the 
Pearson’s χ2 test or Fisher’s exact test, as 
appropriate. Continuous data were first asse- 
ssed for normal distribution (using the Shapiro-
Wilk test) and homogeneity of variance (using 
Levene’s test). Data conforming to a normal 
distribution were expressed as mean ± stan-
dard deviation (SD) and compared between 
groups using an independent samples t-test.

A two-tailed P-value <0.05 was considered  
significant. Data were visualized using Gra- 
phPad Prism software version 6.0 (Graph- 
Pad Software, USA), Kaluza analysis software 
(Beckman Coulter, USA), and FlowJo software 
version 10.8.1 (BD Life Sciences, USA).

Results

Clinical data

The patient selection process is detailed in 
Figure 1. Of the 109 patients with lymphade-
nopathy, 56 (51.38%) were male (mean age: 54 
years [12-83]), and 53 (48.62%) were female 
(mean age: 49 years [6-83]). Lymphoma detec-
tion rates, by both FCM and pathology, were 
significantly higher in patients aged ≥60 years 
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Table 2. Clinical data
Characteristic N FCM Pathology
Age
    <60 years 65 24 (38.46%) 30 (44.62%)
    ≥60 years 44 32 (75.00%)* 41 (86.36%)*

Sex
    Male 56 32 (58.93%) 41 (69.64%)
    Female 53 24 (47.17%) 30 (52.83%)
Smoking
    Yes 15 10 (53.33%) 12 (53.33%)
    No 94 46 (53.19%) 59 (62.77%)
Alcohol consumption
    Yes 11 6 (63.64%) 8 (72.73%)
    No 98 50 (52.04%) 63 (62.20%)
Hepatosplenomegaly
    Yes 6 4 (66.67%) 5 (83.33%)
    No 103 52 (52.43%) 66 (60.19%)
Lymph nodes excised
    Cervical 81 38 (50.62%) 48 (58.02%)
    Axillary 4 3 (75.00%) 4 (100.00%)
    Inguinal 10 7 (70.00%) 9 (60.00%)
    Abdominal 6 5 (83.33%) 5 (83.33%)
    Pharyngeal 2 1 (50.00%) 1 (100.00%)
    Skin 2 1 (0.00%) 1 (100.00%)
    Submandibular 2 1 (50.00%) 2 (50.00%)
    Supraclavicular 2 0 (0.00%) 1 (50.00%)
*P<0.05. Abbreviation: FCM, flow cytometry.

Table 3. Agreement between pathology and flow cytometry in 109 
lymph node samples
WHO classification Pathology FCM Agreement rate (%)
CLL/SLL 9 9 100.00
FL 11 11 100.00
MCL 4 4 100.00
MZL 2 2 100.00
DLBCL 15 13 86.67
Other B cell lymphomas 6 6 100.00
T- and NK-cell lymphomas 15 11 73.33
Hodgkin lymphoma 1 0 0.00
Metastasis 8 1 12.50
Reactive 38 53 71.70
Notes: BCL, B-cell lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse 
large B-cell lymphoma; FCM, flow cytometry; FL, follicular lymphoma; MCL, mantle 
cell lymphoma; MZL, marginal zone lymphoma; NK, natural killer; SLL, small 
lymphocytic lymphoma; WHO, World Health Organization.

compared with those aged <60 years (P<0.05). 
Other factors, such as sex, smoking, alcohol 
consumption, hepatosplenomegaly, and lymph 
nodes excised, were not associated with lym-

phoma detection (P>0.05) 
(Table 2).

Lymphoma detection by patho-
logical findings

Pathologic analysis identified 
71 patients (71/109) with 
abnormal lymph node findings. 
Of these, 47 had B-cell non-
Hodgkin lymphoma (B-NHL), 
including 9 cases of chron- 
ic lymphocytic leukemia/small 
lymphocytic lymphoma (CLL/
SLL), 11 of follicular lymphoma 
(FL), 15 of diffuse large B cell 
lymphoma (DLBCL), 4 of man-
tle cell lymphoma (MCL), 2  
of marginal zone lymphoma 
(MZL), and 6 of other BCL. In 
addition, 15 had T- and NK-cell 
lymphoma, including 6 cases 
of T-ALL/LBL, 3 of angioimmu-
noblastic T-cell lymphoma 
(AITL), 2 of anaplastic large cell 
lymphoma (ALCL), 2 of periph-
eral T-cell lymphoma (PTCL), 1 
of NK/T-cell lymphoma, and 1 
of mycosis fungoides (MF). 
Besides, 1 case of Hodgkin 
lymphoma and 8 cases of 
metastasis were detected 
(Table 3).

Lymphoma detection by FCM

FCM identified 56 lymph node 
samples with abnormal immu-
nophenotypic patterns, all of 
which were confirmed as lym-
phoma by pathology. Among 
them, 45 had B-NHL, including 
9 cases of CLL/SLL, 11 of FL, 
13 of DLBCL, 4 of MCL, 2 of 
MZL, and 6 of other BCL. In 
addition, 11 cases of T- and 
NK-cell lymphoma and 1 of 
metastasis were also detected 
(Table 3).

Diagnostic performance of 
flow cytometry

To assess the diagnostic value of FCM, its per-
formance was compared with the gold stan-
dard, histopathology. All 109 cases were histo-
logically categorized as either lymphoma (n=71) 
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Table 4. Diagnostic performance of Flow Cytometry (FCM) in detecting lymphoma using histopathol-
ogy as the gold standard

Histopathology: Positive (Lymphoma) Histopathology: Negative (Non-Lymphoma) Total
FCM: Positive 56 (True Positive, TP) 0 (False Positive, FP) 56
FCM: Negative 15 (False Negative, FN) 38 (True Negative, TN) 53
Total 71 38 109

Table 5. Summary of diagnostic performance metrics for FCM with 95% confidence intervals
Performance Metric Value 95% Confidence Interval
Sensitivity 78.9% (56/71) 67.6%-87.7%
Specificity 100% (38/38) 90.8%-100%
Positive Predictive Value (PPV) 100% (56/56) 93.6%-100%
Negative Predictive Value (NPV) 71.7% (38/53) 57.7%-83.2%
Overall Accuracy 86.2% (94/109) 78.3%-92.1%
Cohen’s Kappa (κ) 0.72 0.60-0.84

or non-lymphoma (n=38). The comparative re- 
sults are detailed in a 2×2 contingency table 
(Table 4).

Key diagnostic performance metrics and their 
95% confidence intervals (CIs) were calculated 
and are presented in Table 5. The analysis 
revealed that FCM had a sensitivity of 78.9% 
(95% CI: 67.6%-87.7%) and a specificity of 
100% (95% CI: 90.8%-100%). This perfect 
specificity resulted in a positive predictive value 
(PPV) of 100% (95% CI: 93.6%-100%), indicat-
ing no false-positive results. The negative pre-
dictive value (NPV) was 71.7% (95% CI: 57.7%-
83.2%). The overall diagnostic accuracy was 
86.2% (95% CI: 78.3%-92.1%). Furthermore, a 
Cohen’s Kappa (κ) coefficient of 0.72 (95% CI: 
0.60-0.84) was calculated, demonstrating sub-
stantial agreement between the FCM findings 
and histopathologic results.

Identification of abnormal B cells by FCM and 
PD-1 expression

Lymphocytes were identified on the CD45 vs. 
side scatter (SSC) plot, following which B lym-
phocytes were gated on the CD19 vs. CD20 
scatter plot. Abnormal B lymphocytes were 
defined using cKappa vs. cLambda, CD5 vs. 
CD20, and CD19 vs. CD10 scatter plots. 
Abnormal B cells generally exhibited monotypic 
expression of ckappa or clambda (Figure 2A). 
Regarding surface kappa/lambda detection, 
four cases showed no expression. Lymph node 
samples with abnormal B cells were further 
analyzed with an additional antibody panel: 
CD71, CD43, CD79b, FMC7, CD200, CD123, 

CD23, CD103, CD25, CD22, CD11c, sIgM, 
CD81, CD38, IgD, and CD274.

In patients with lymphoma, PD-1 (CD279) 
expression on T cells was increased compared 
to controls, most prominently in diffuse large 
B-cell lymphoma (P<0.05). This may be related 
to immunosuppression within the tumor micro-
environment (Figure 2B).

CLL/SLL

CLL/SLL cells demonstrated a significantly 
lower mean FSC value than that of normal  
B lymphocyte populations (89.42±6.01 vs. 
102.09±11.58, P<0.05), indicating that CLL/
SLL cells are smaller in size (Figure 2C). These 
cells exhibited monotypic expression of ck- 
appa or clambda. In addition, CLL/SLL cells 
showed strong expression of CD45 antigen, 
and other consistently expressed antigens 
included CD19, CD200, and CD5. Antigens 
such as CD20, CD43, CD79b, CD23, CD11c, 
CD22, CD81, sIgD, sIgM, and CD38 showed 
variable patterns (positive, weak, partial, or 
negative); antigens that were consistently 
absent included CD10, CD3, FMC7, CD56, CD8, 
CD71, CD123, CD103, CD25, CD4, and CD274 
(Figure 2D). The most frequent gene mutations 
were primarily in IGHV (9/11), MYD88 (6/11) 
and KMT2C (5/11) (Figure 2E).

Follicular Lymphoma (FL)

FL cells demonstrated a significantly lower 
average FSC signal than that of normal B  
lymphocyte populations (93.88±4.94 vs. 
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Figure 2. Flow cytometric analysis of antigen expression profiles in 9 CLL/SLL lymph node samples. A. Screening for 
abnormal B cells in lymph nodes. B. T cell PD-1 expression in lymphoma. C. Average FSC signal from B cells in the 
CLL and control groups. D. Antigen expression profiles of BCL cells in 9 CLL/SLL lymph node samples. E. Analysis 
of gene mutations in 9 CLL/SLL samples. BCL, B-cell lymphoma; CLL, chronic lymphocytic leukemia; SLL, small 
lymphocytic lymphoma; FSC, forward scatter. -, negative expression; +, positive expression; +/-, partial expression; 
dim+, weak expression; and ++, strong expression. *, P<0.05.

102.09±11.58, P<0.05), indicating its smaller 
cell size (Figure 3A). FL cells also showed 
monotypic expression of ckappa or clambda, 
and CD45 was strongly or positively expressed. 
CD19, CD20, CD10, CD79b, and CD22 were 
positively, partially, or weakly expressed. 
Antigens such as CD71, CD200, FMC7, CD43, 

CD23, CD11c, CD81, CD25, sIgD, sIgM, CD8, 
and CD38 showed positive, weak, partial, or  
no expression; antigens that were consistently 
absent included CD5, CD3, CD56, CD123, 
CD103, CD4, and CD274 (Figure 3B). In FL, the 
mutations of BCL2 (5/7) and EZH2 (4/7) were 
the most frequent (Figure 3C). Consequently, 
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Figure 3. Flow cytometric analysis of antigen expression profiles in 11 FL lymph node samples. A. Average FSC signal 
from B cells in the FL and control groups. B. Immunophenotypic features of BCL cells in 11 FL lymph node samples. 
C. Analysis of gene mutations in 11 FL samples. D. BCL-2 expression in FL by FCM. FL, follicular lymphoma; FSC, 
forward scatter. -, negative expression; +, positive expression; +/-, partial expression; dim+, weak expression; and 
++, strong expression. *, P<0.05.

intracellular FCM analyses were performed on 
cryopreserved cell suspensions of two BCL2-
mutated samples, both demonstrating detect-
able BCL2 protein expression (Figure 3D).

Diffuse large B cell lymphoma (DLBCL)

DLBCL showed a significantly higher mean FSC 
signal than normal lymphocyte populations 
(121.84±9.17 vs. 102.09±11.58, P<0.05), in- 
dicating that DLBCL cells are larger in size 
(Figure 4A). These cells also exhibited mono-
typic expression of cKappa or cLambda, with 
strong or positive CD45 expression. CD19 was 
expressed in all cases, with one case showing 

strong expression and the other cases showing 
positive or weak expression. Antigens such as 
CD20, CD5, CD22, CD79b, CD71, CD200, 
FMC7, CD43, CD23, CD11c, CD81, CD25, sIgD, 
CD123, sIgM, CD8, CD38, and CD274 showed 
various expression patterns (positive, weak, 
partial, or negative); antigens that were consis-
tently absent included CD10, CD3, CD56, 
CD103, and CD4 (Figure 4B). Mutations in the 
BCL6 (5/13) and KMT2D (4/13) genes were the 
most common in DLBCL (Figure 4C). We also 
detected a partial expression of BCL6 protein 
in a stored BCL6-mutated sample by intracel-
lular staining (Figure 4D).
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Figure 4. Flow cytometric analysis of antigen expression profiles in 13 DLBCL lymph node samples. A. Average FSC 
signal from B cells in the DLBCL and control groups. B. Immunophenotypic features of BCL cells in 13 DLBCL lymph 
node samples. C. Analysis of gene mutations in 13 DLBCL samples. D. BCL-6 expression in DLBCL by FCM. DLBCL, 
diffuse large B-cell lymphoma; FSC, forward scatter. -, negative expression; +, positive expression; +/-, partial ex-
pression; dim+, weak expression; and ++, strong expression. *, P<0.05.

MCL, MZL, and other BCL

Four cases of MCL, two of MZL and six other 
unclassifiable BCLs were detected. All these 
lymphomas demonstrated cell sizes smaller 
than that of control lymphocytes (Supplemen- 
tary Figure 2A) and cells exhibited monotypic 
expression of kappa or lambda. CD45 showed 
strong or positive expression, while CD19 
showed positive or weak positive expression. In 
MCL, CD5 was positive and CD10 was negative. 
In MZL, CD5 and CD10 were both negative. In 
the six cases of other lymphomas, CD10 was 
negative. However, further immunophenotypic 
features could not be detected due to the small 
sample sizes (Supplementary Figure 2B-D).

Identification of abnormal T cells by FCM

Lymphocytes were identified in the CD45 vs. 
SSC scatter plot. Then, gating was performed 
using CD3 vs. CD2, CD3 vs. CD5, CD3 vs. CD7, 
and CD4 vs. CD8 scatter plots to identify abnor-
mal T lymphocytes (Figure 5A). FCM testing 
revealed 11 patients with T- and NK-cell lym-
phoma, including T-ALL/LBL (5 cases), AITL (1 
case), ALCL (1 case), PTCL (2 cases), NK/T-cell 
lymphoma (1 case), and MF (1 case). All sam-
ples showed enhanced, attenuated, partial, or 
negative expression of CD2, CD3, CD5, CD7, or 
CD45, while two samples also showed abnor-
mal CD56 expression (Figure 5B; Supplemen- 
tary Table 2). In six samples, neither CD4 nor 
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Figure 5. Screening of abnormal T cells in lymph node samples. A. T lymphocytes are labeled green, and abnormal 
cell populations are labeled purple. The abnormal cell populations showed strong CD7 expression, positive CD45 
expression, partial CD5 expression, no CD2 or CD3 expression, and double negative expression for CD4 and CD8. B. 
Common expression patterns of CD2, CD3, CD5, CD7, CD45, and CD56 in 11 T- and NK-cell lymphoma lymph node 
samples. C. CD4 and CD8 expression in 11 T- and NK-cell lymphoma samples: CD4, but not CD8, expression in 5 
cases (yellow), and double negative CD4 and CD8 expression in 6 samples (purple). D. The expression of TRBC1 in T 
lymphoma. E. Detection of TCR (T Cell Receptor) gene rearrangement. F. Flow cytometric analysis of antigen expres-
sion profiles in 5 T-ALL/LBL lymph node samples. T-ALL/LBL, T-cell acute lymphoblastic leukemia and lymphoblastic 
lymphoma. -, negative expression; +, positive expression; +/-, partial expression; dim+, weak expression; and ++, 
strong expression.
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CD8 were expressed by abnormal T cells; the 
remaining five samples showed expression of 
CD4 but not CD8 (Figure 5C).

The TRBC1 expression was elevated in two 
T-cell lymphoma samples (97.9% and 96.4%), 
while the TRBC1 expression was 1.17%±1.61% 
in the other 9 samples. The expression of 
TRBC1 in T-cell lymphoma exceeded the nor-
mal range we recognized, which was 15%-85% 
(36.60%±7.21% in the control group) (Figure 
5D). TCR gene rearrangements were detected 
in all samples, with the rearrangements of the 
TCRγ A (9/15) and TCRβ B (8/15) being the 
most common (Figure 5E).

T-ALL/LBL

The five T-ALL/LBL samples each exhibited 
unique FCM immunophenotype. CD45 expres-
sion was dim to moderate, in contrast to its 
strong expression on normal mature T lympho-
cytes. The CD2, CD3, CD5, or CD7 antigens 
showed strong, weak, partial, or no expression 
in all samples. One case showed CD4 but not 
CD8 expression, whereas the other four cases 
were negative for CD4 and CD8 (Supplementary 
Table 2). CD99 and CD38 were positive in all 
samples; CD3 and CD7 were also positive in all 
samples but showed various intensity (strong, 
positive, or partial). Antigens such as CD34, 
CD33, HLA-DR, CD13, CD11b, CD2, CD3, CD4, 
CD5, CD56, CD71, CD123, CD10, and cTdT 
showed positive, weak, partial, or no expres-
sion; antigens that were consistently absent 
included CD117, CD9, CD15, CD16, CD8, CD14, 
CD64, CD65, CD36, CD61, CD19, CD20, 
CD138, MPO, CD79a, CD1a, TCRαβ, and TCRγδ 
(Figure 5F).

Discussion

Lymphoma is a highly heterogenous hemato-
logic malignancy that requires a multi-modal 
diagnostic approach for accurate classification 
[20, 21]. While histopathology remains the gold 
standard, multi-parameter FCM serves as an 
effective adjunct [5, 6]. This study was built on 
prior work showing that single-cell suspensions 
of intact lymph node tissues provides adequate 
cellularity and immunologic integrity, enabling 
comprehensive antigen profiling, a crucial ben-
efit over FNA [17, 22].

A primary aim of this study was to determine 
the diagnostic value of FCM performed on 
intact lymph node tissue. The concordance 

between FCM and histopathologic examination 
in the detection of lymphoma was excellent 
(100% specificity and 100% PPV), which is con-
sistent with the high concordance rates report-
ed by earlier studies of Demurtas et al. [17] and 
Colorado et al. [20]. This is further supported by 
the Cohen Kappa of 0.72, which reflects a sub-
stantial level of concordance, reinforcing that 
FCM is a highly reliable and selective tool when 
used on the intact lymph nodes.

Additionally, our comprehensive immunophe-
notyping of BCL confirmed several well-estab-
lished diagnostic profiles. For example, CLL/
SLL cells exhibited reduced FSC signals (small-
er size) and a typical CD5+/CD200+/CD10- pro-
file, fully consistent with the known diagnostic 
criteria [9, 11] and large-scale immunopheno-
typing investigations [20]. Similarly, the FL cells 
also exhibited a smaller size than normal 
B-cells and showed the expected germinal cen-
ter phenotype (CD10+/CD5-). In contrast, 
DLBCL cells featured a much higher FSC signal 
(greater size). These results are in line with the 
established morphologic and immunopheno-
typic continuum of BCL and underscore that 
FCM can offer objective, quantitative parame-
ters (such as FSC) that correspond well with 
histopathologic findings.

An important observation in the tumor microen-
vironment was the significantly elevated PD-1 
expression on T cells in BCL patients, particu-
larly in DLBCL. This observation aligns with a 
previous finding of a high expression of PD-1 on 
follicular helper T (Tfh) cells in BCL. The possi-
ble underlying mechanism is the formation of 
an immunosuppressive and lymphoma-sup-
portive microenvironment, in which the interac-
tion of PD-1 with its ligand (PD-L1) - also detect-
ed on T cells in our study - suppressed T-cell 
effector functions and facilitates immune 
escape by the lymphoma [23, 24]. These data 
further support the biological rationale for 
PD-1/PD-L1 blockade therapies in lymphoma.

Despite these insights, our study revealed a 
limitation in the sensitivity (78.9%) of FCM. 
MCM missed 15 lymphoma cases (including 
two DLBCLs and several T-cell lymphomas). We 
attribute the difference, particularly in BCL, to 
possible sampling error. Additionally, as a retro-
spective study, selection bias regarding sample 
availability for both NGS and FCM may have 
influenced the detection rates.
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In the cases of T- and NK-cell lymphoma, diag-
nostic challenges were even more pronounced. 
Our FCM identified 11 cases, which was less 
than the 15 cases identified by pathological 
examination. This difference was probably due 
to incomplete marker coverage for certain sub-
types or sampling errors. Nevertheless, the 11 
samples identified all demonstrated aberrant 
expression (loss of pan-T-cell antigens such as 
CD2, CD3, CD5 or CD7) and abnormal CD4/
CD8 ratios. The results are consistent with the 
reports of Karube et al. [25] and others [26, 
27]. Additionally, our TRBC1 analysis supported 
the diagnostic value of FCM for T-cell clonality. 
We observed a clear clonal restriction, with 
TRBC1 expression either >96% or <2%, consis-
tent with the patterns described by Berg et al. 
[28], and Horna et al. [14].

We have also corroborated the long-estab-
lished shortcomings of FCM in the diagnosis of 
classical Hodgkin lymphoma (HL) and meta-
static cancer. These diagnoses are difficult to 
detect by FCM due to the rarity and fragility of 
Hodgkin/Reed-Sternberg (RS) cells [29] and 
the absence of specific hematopoietic markers 
in metastatic tumors. We failed to identify the 
single HL case and detected only 1 metastatic 
case, underscoring the inherent constraints of 
FCM in these diagnostic contexts [29, 31].

The most innovative aspect of our study was 
the integration of genetic data to guide immu-
nophenotyping. The mutation profiles we identi-
fied wre highly consistent with the genetic 
abnormalities that underpin contemporary lym-
phoma classification [32]. The high prevalence 
of BCL2 and EZH2 mutations in FL, and BCL6 
and KMT2D mutations in DLBCL, confirm that 
our cohort reflects the typical genetic land-
scapes for these diseases as defined by the 
WHO classification.

Building on this, we retrospectively validated a 
“mutation-guided” diagnostic loop based on 
this direct genotype-phenotype correlation. Our 
study successfully demonstrated the feasibility 
of this approach: BCL-2 protein expression was 
detected by FCM in BCL2-mutated FL samples 
and BCL-6 protein in a BCL6-mutated DLBCL 
sample. While IHC remains the traditional 
method, our findings suggest FCM can serve  
as a rapid, quantitative, and complementary 
method to confirm that a detected mutation is 
functionally expressed at the protein level. We 

acknowledge the small number of cases tested 
in this pilot - an unavoidable limitation related 
to sample preservation - but the results still 
support future investigation of this strategy.

Conclusion

FCM on intact lymph nodes is a highly specific 
and reliable method for lymphoma immunophe-
notyping, with excellent performance metrics 
(100% Specificity, 100% PPV) and substantial 
agreement (κ=0.72) with the gold standard. We 
have validated its use in characterizing B- and 
T-cell lymphomas, from cell size (FSC) to spe-
cific antigen profiles. Most importantly, we have 
provided proof-of-concept for an integrated 
“mutation-guided” workflow, linking NGS data 
to protein-level expression by FCM. This inte-
grated, multi-parameter strategy refines lym-
phoma classification and enhances diagnostic 
accuracy.
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Supplementary Figure 1. Representative flow cytometric plots defining antigen expression levels. This figure illus-
trates the criteria used to classify antigen expression based on the percentage of positively labeled cells and fluo-
rescence intensity. Antigen expression is categorized as follows: Negative (-): positive cell population ≤15%; Partial 
(+/-): positive cell population between 15% and 70%; Positive (+): positive cell population ≥70%. Among positive 
populations (≥70%), expression is further classified as Weak (dim+): fluorescence intensity lower than the positive 
control, or Strong (++): fluorescence intensity higher than the positive control.

Supplementary Table 1. B cell lymphoma panel by next generation sequencing and TCR gene rear-
rangement
Lymphoma Panel
B APC ARID1A ATG2B ATM B2M BCL2 BCL6 BCL7A CARD11 CCND3

CD58 CD79A CD79B CD83 CREBBP CSF3R CXCR4 D13S25 DNMT3A DTX1
EBF1 EP300 ETV6 EZH2 EPHA7 FAT1 FANCD2 FANCM FBXW7 FOXO1
FAS FBXO11 FGFR1 FOXO3 GNA13 IGLL5 IGH IGHV IRF4 ITGA4

JAK2 JAK3 KIT KLHL6 KMT2C KMT2D MEF2B MTOR MYBBP1A MYC
NOTCH1 NOTCH2 PIK3CA PIM1 PRDM1 PTEN PTPRD RB1 RHOA RUNX1
SETD1B SETD2 SF3B1 SOCS1 SPEN STAT3 STAT6 TET2 TMSB4X TNFRSF14

TP53 TRAF3
T TCRβ A TCRβ B TCRβ C TCRγ A TCRγ B TCRδ
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Supplementary Table 2. Antigen expression in T-cell lymphoma lymph node samples
Diagnosis CD3 CD2 CD5 CD7 CD56 CD45

patinet1 T-ALL/LBL dim+ + + + - +
patinet2 MF dim+ - - - - ++
patinet3 PTCL - + + +/- - ++
patinet4 AITL - + + + - ++
patinet5 T-ALL/LBL - - + +/- +/- +
patinet6 AITL + + + - - ++
patinet7 PTCL dim+ + + + - ++
patinet8 T-ALL/LBL - - + ++ - +
patinet9 NK/T cell lymphoma + - - - + +
patinet10 T-ALL/LBL - - - + - dim+
patinet11 T-ALL/LBL - - +/- ++ - +

Supplementary Figure 2. RImmunophenotypic profiles and cell size analysis of MCL, MZL, and other B-cell lympho-
mas. A. Comparison of Forward Scatter (FSC) signals, representing cell size, among Control (normal B-cells), Mantle 
Cell Lymphoma (MCL), Marginal Zone Lymphoma (MZL), and other unclassified B-cell lymphoma groups. Data are 
presented as mean ± SD. B. Stacked bar charts showing the percentage of antigen expression intensity in 4 MCL 
cases. C. Antigen expression profiles for 2 MZL cases. D. Antigen expression profiles for 6 other unclassified B-cell 
lymphomas. The color keys indicate expression levels: gray (-) indicates negative expression; green (dim+) indicates 
weak expression; blue (+/-) indicates partial expression; red (+) indicates positive expression; and orange (++) 
indicates strong expression.


