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Background: The diagnosis of AITL is challenging. It may be delayed or even missed due to critical clinical conditions and its histologic and immunophenotypic overlap with other neoplastic and reactive lymphoid proliferations.

Objective: The key objective is to obtain an efficient diagnosis, sensitive disease monitoring and treatment efficacy assessment of AITL using multiparameter flow cytometry (MFC).

Methods: In total, 167 de novo AITL patients were immunophenotypically profiled using sensitive MFC. We precisely identified the aberrant T-cell populations of AITL and performed an in-depth description of their phenotypic characteristics in comparison with their residual normal CD4+ T cells. A comparison of Programmed death receptor-1 (PD-1) expression was performed among AITL and other T-cell lymphomas.

Results: MFC detected a neoplastic T-cell population in 94.1% (80/85) of tissue, 71.5% (108/151) of bone marrow (BM), 100% (8/8) of peripheral blood (PB) and 78.6% (11/14) of body fluid samples. The most frequent immunophenotypic aberrations included the absence and diminished expression of CD3 (71.25% in tissues, 71.3% in BM, 75% in PB, 81.8% in hydrothorax and ascites specimens), followed by the loss or partial loss of CD7 (71.25% in LN, 67.6% in BM, 50% in PB, 81.8% in hydrothorax and ascites specimens). The immunophenotyping of neoplastic T-cell populations showed a high degree of similarity among different sites of the same patient and they might change over time but were relatively stable. Bright PD-1 expression showed high sensitivity and specificity in differentiating AITL from other T-cell lymphomas. In 14 AITL patients, neoplastic T-cell populations were initially missed by T-cell screening tube but were successfully discovered by bright PD-1 expression.

Conclusion: T-cell screening tube can reliably screen neoplastic T-cell populations in AITL patients with typical immunophenotyping, such as loss of surface CD3 and loss of CD7 with a relatively high ratio. Bright PD-1 expression is essential for identifying aberrant T cells in almost all AITLs. The clonality assessment antibody TRBC1 is efficient for robustly and cheaply assessing T-cell clonality. Using PD-1 and TRBC1 combined with pan-T cell antibodies can make a precise diagnosis of AITL and also sensitively monitor minimal residual disease regardless of the antigenic drift of the neoplastic T cells.
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Introduction

Angioimmunoblastic T-cell lymphoma (AITL) is one of the most common types of nodal peripheral T-cell lymphoma (PTCL), accounting for 1–2% of all non-Hodgkin lymphomas (NHLs) and ~15 to 20% of PTCLs (1, 2). In the 4th edition of the WHO classification of lymphoid tumors in the 2017 revision, AITL resides under the umbrella of PTCLs with a follicular helper T-cell (TFH) phenotype, which is defined as positive immunostaining for at least two of the following TFH markers: CD10, Bcl-6, PD-1, CXCL13, and CXCR5, ICOS, and SAP (3). AITL has an aggressive clinical course. Despite advances in treatment approaches, its prognosis remains poor, with 5-year overall survival (OS) and progression-free survival (PFS) estimates of ~32 and ~18%, respectively (4). In addition, the diagnosis of AITL is still challenging due to its invasive course and the overlap between AITL and other neoplastic and reactive benign lesions. Moreover, some patients may present with coagulation disorders and severe cytopenia and are consequently unable to provide tissue samples for pathological diagnosis. As such, an efficient diagnosis requires more auxiliary examinations.

Multiparameter flow cytometry (MFC) is an extremely versatile tool for the diagnosis and monitoring of minimal residual disease (MRD) of hematologic malignancies. Any specimens that can be prepared into a single cell suspension can be detected by MFC, and MFC has unique advantages for body fluid samples. In clinical practice, a single tube with fluorescently labeled antibodies against CD2, surface CD3 (sCD3), CD4, CD5, CD7, CD8, CD45, and CD56 is routinely used to screen phenotype abnormalities of T cells and NK cells (5–7). Regarding AITL, loss and diminished expression of sCD3 on T cells are the most typical phenotypic abnormalities, followed by loss of CD7, and aberrant CD10 expression is distinctive to AITL (7–12). However, CD10 expression has a relatively low sensitivity, and it can also be observed on non-neoplastic T cells that undergo apoptosis and germinal center (GC)-TFH in normal secondary lymphoid organs in follicular lymphoma (FL) (13–15).

TFHs have been identified as the cell of origin of AITL. TFH markers such as programmed death receptor (PD-1), CXCR5, CD10, and ICOS were described as positive in AITL, mostly by immunohistochemistry (2, 16–20). Bright PD-1 expression on aberrant T cells has high sensitivity and specificity in AITL by MFC (21). However, CD4-positive T cells with bright PD-1 expression can also be observed in T-cell/histiocyte-rich large B-cell lymphoma (TCRLBCL) and FL, which may pose challenges for pathological diagnosis. MFC can recognize TFH cells and exclude B-cell lymphoma simply by assessing light chain clonality. Furthermore, CD4-positive T cells with bright PD-1 expression can also be seen in reactive lymphoid hyperplasia (RH) and Hodgkin's lymphoma (HL). Therefore, T-cell clonality assessment is essential to confirm the abnormality of suspicious T cells. Molecular TCR analysis by multiplex polymerase chain reaction (PCR) is routinely used to detect the clonality of T cells (22). In recent years, the Beta Mark TCR Vbeta Repertoire Kit and T-cell Receptor Constant β Chain-1 (TRBC1) by flow cytometry have provided an opportunity to facilitate the detection of clonal TCR αβ T cells (5, 23–25).

At the time of initial diagnosis, when BM, PB and body fluid specimens are the first or the only specimen obtained for diagnosis, whether pan-T cell antibodies in a single tube are adequate to screen aberrant T cells for AITL and the potential diagnostic pitfalls have not been well-elaborated. We aimed to improve the early diagnosis of AITL and reduce the rate of misdiagnosis and missed diagnosis. A total of 167 de novo AITL patients were included for reanalysis. Other T-cell lymphomas and some HL, FL and RH in the same period were set as control cases. When the T- and B-lymphocyte screen tubes were negative, an additional tube with a combination of TFH markers (PD-1 and CD10) and some pan-T cell antibodies (such as CD3, CD4, CD5, CD7, and CD8) was added to confirm or exclude a supposed PTCL diagnosis, and for patients with an equivocal clinical history or immunophenotyping, TRBC1 was added to this tube to determine the clonality of the T cells.



Materials and methods


Patients, controls, and samples

A total of 258 samples obtained from 167 de novo AITL patients (120 men and 47 women; median age 59 years, range 19–82) from 2014 to 2021 were included from the database of the Department of Hematology of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Other patients, including 10 with anaplastic large cell lymphoma (ALCL), 20 with other PTCLs, 6 with mycosis fungoides (MF), 1 with Sezary syndrome, 1 with adult T-cell leukemia/lymphoma (ATLL), 3 with lymphocyte-variant hypereosinophilic syndrome (L-HES) and 3 with T-cell clones of uncertain clinical significance (T-CUS), were immunophenotypically profiled as controls. Twenty-nine tissue samples with reactive lymphoid hyperplasia (RH), three with nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL), three with follicular lymphoma (FL) and 3 with T-cell/histiocyte-rich large B-cell lymphoma (TCRLBCL) were also detected by MFC. The AITL specimens included 151 BM, 85 tissue, 14 body fluid and 8 PB samples. Ninety-seven follow-up samples obtained from 37 AITL cases were reanalyzed. The maximum time interval between the follow-up samples and the initial ones was 6.5 years. PD-1 was added to 69 patients with AITL and the above control patients. TRBC1 was added to 38 patients with AITL, 6 with ALCL, 2 with HES, 13 with PTCL, 3 with MF, and 3 with T-CUS. The specimens included bone marrow (BM), peripheral blood (PB), tissue samples (lymph node, fine needle aspiration, tonsil, spleen, skin, etc.) and body fluid specimens (hydrothorax and ascites). Basic information of these patients and samples was listed in Table 1. All cases were reviewed and confirmed by two of the authors (X.M. and C.Y.W). All tissue specimens had pathological and immunohistochemical analysis of paraffin sections, and most of them had genotypic studies. The diagnosis was made in accordance with the 2017 World Health Organization. Appropriate informed consent was obtained from all patients prior to specimen collection in accordance with the Declaration of Helsinki, and the research protocol was approved by the ethics committees of Tongji Hospital.


TABLE 1 Clinical information of patients.
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Flow cytometry
 
Panels

All of the samples were stained with the T- and B-cell lymphoid screening tube (LST) described below. A cocktail of anti-human monoclonal antibodies, including CD45-V500, CD2-FITC, CD3-APC-Cy7, CD4-V450, CD5-PE-Cy7, CD7-PE, CD8-APC, and CD56-ECD, was used to screen mature T- and natural killer (NK)-cell lymphoproliferative disorders. Monoclonal antibody combinations containing CD45-V500, CD19-V450, CD20-APC, CD38-PerCP-Cy5.5, CD10-PE-Cy7, kappa-FITC, and lambda-PE were used to screen mature B-cell lymphoproliferative disorders for patients under 30 years old, and CD45-V500, CD19-V450, CD20-APC-Cy7, CD38-PercP, CD56-ECD, CD138-APC, cytoplasm kappa-FITC, and cytoplasm lambda-PE were combined in one tube to serve as B- and plasma-cell screening tubes for patients more than 30 years old. PD-1 (EH12.2H7, BioLegend, APC), CD10, TRBC1 (JOVI.1, Caprico biotechnologies, FITC) and some pan-T cell antibodies (such as CD3, CD4, CD5, CD7, and CD8) were placed in an additional tube to confirm or exclude a supposed PTCL diagnosis and for patients with an equivocal clinical history or immunophenotyping. If CD4+ T cells had aberrant immunophenotyping detected by T-cell screening tube, then fluorescent labeled antibodies CD103, CD25, CD57, CD10, CD30, CD99, CD1a, CD45RA, CD45RO, cCD3, ki67, CD26, PD-1, TCR aβ, TCRγδ, and TRBC1 were subsequently added.



Specimen procedures

EDTA-anticoagulated BM, PB samples and body fluid samples were freshly (<4 h) processed. A total of 2 × 106 cells per tube were added and incubated with monoclonal antibodies for 15 min at room temperature. Erythrocytes were lysed with 1 × Lysing Solution (BD Biosciences, San Jose, CA) at room temperature for 15 min using a standard lyse/wash technique. Tissue specimens were stored in RPMI media after isolation and transported to our laboratory within 2 h. A single-cell suspension was prepared immediately after its arrival. For FNA or LN with a diameter <2 mm, they were minced into small fragments using scissors and gently ground on metal gauze. The relatively larger LNs were prepared by a gentleMACS Dissociator (Miltenyi Biotec). Then, the single-cell suspension was filtered through a 38-μm filter cloth and centrifuged at 1,300 rpm for 5 min. The supernatant was discarded, and the cells were resuspended again using 2 mL of RPMI. A total of 2 × 106 cells (or less when the cell count was extremely low) per tube were stained with monoclonal antibodies for 15 min at room temperature. Erythrocytes were lysed with 1 × Lysing Solution (BD Biosciences, San Jose, CA) at room temperature for 6 min. Kappa and lambda tubes need to be incubated in a 37°C water bath first and then washed three times with PBS before staining with antibodies. Cytoplasmic antibodies were applied after the surface antibodies were fixed, and the membrane was disrupted with a BD IntraSure Reagent Kit (BD Biosciences, San Jose, CA).



Immunophenotyping

T cell populations with the loss and/or decreased expression of one or more pan-T cell markers or expression those at abnormal density were considered as aberrant populations (26, 27). In routine practice, T cells were considered aberrant consisting of the following: (1) abnormal expression (loss, enhanced, or dimished) of pan-T cell markers such as surface CD5, CD2, CD3, or CD7 antigens and cytoplasmic CD3 (cyCD3); (2) CD4/CD8 ratio >10 or <0.1 and had a predominant CD4+/CD8+ or CD4–/CD8– cell population; (3) expression of non-T cell markers including CD10, CD30, CD56, TdT, CD34, and TCR γδ (28). B cell subpopulations were defined as aberrant by the presence of 2 main types of phenotypic abnormality: immunoglobulin light chain class restriction (κ/λ ratios >3:1 or <0.3:1, or more than 25% of mature B cells lacking or expressing low level surface immunoglobulin) and/or antigenic aberrancies (29). TRBC 1 is regarded as monoclonal expression when the positive rate is higher than 85 or <15%. Normal subsets of T cells should be recognized and excluded, including some normal γδ T cells with positive CD3 expression and negative CD5, CD4, and CD8 expression (26). The absence of CD3 and CD5 expression of CD4+ mature T cells always suggested aberrant, loss of CD7 require distinguish from normal CD4+CD7- T cells. The pan-T cell antibodies and PD-1 mean fluorescence intensity (MFI) of the aberrant T-cell populations and residual CD4+ T cells were evaluated. The immunophenotyping and ratio of neoplastic T cells were evaluated in different samples from the same patient, and the phenotypic changes were followed after therapy. We used BD FACS LSRFortessa and a Canto II cytometer (BD Biosciences, San Jose, CA) for data collection. BD diva software was used for data analysis.



Statistical analysis of the immunophenotypic data

The Mann–Whitney U test was applied for the statistical comparison between different groups. Statistical analyses were carried out using GraphPad Prism Viewer 8.0.1 software applying a significance level of p < 0.05.





Results


Sensitive multiparameter flow cytometry improves the identification of AITL

In our report, MFC detected a neoplastic T-cell population of AITL in 94.1% (80/85) of tissue, 71.5% (108/151) of bone marrow (BM), 100% (8/8) of peripheral blood (PB) and 78.6% (11/14) of body fluid samples. The ratio of aberrant T-cell populations in total nucleated cells was significantly higher (P < 0.05) in tissue samples (0.4–61.5%, median 9.15%) than in BM (0.016–17.2%, median 0.38%) and PB specimens (0.03–5.9%, median 0.85%). Four patients were clinically diagnosed with T- and B-cell composite lymphoma due to inconsistencies between the pathology and flow cytometry, with AITL by histopathology and B-cell lymphoma by MFC (three DLBCL and one SLL). Two patients had T/B-cell composite lymphoma detected by MFC and histopathology. Three patients were previously diagnosed with DLBCL and were ultimately diagnosed with AITL by histopathology, MFC and molecular analysis. Three patients were previously diagnosed with HL and were ultimately diagnosed with AITL by histopathology and MFC.



T-cell screening tube can reliably screen neoplastic T-cell populations in AITL patients with typical immunophenotyping, such as a loss of surface CD3 and a loss of CD7 at a relatively high ratio

We considered only one specimen per site per patient and analyzed the above antigens. In the T-cell screening tubes, the most frequent immunophenotypic aberrations were the absence and diminished expression of CD3 (71.25% in tissues, 71.3% in BM, 75% in PB, 81.8% in hydrothorax and ascites specimens), followed by the loss or partial loss of CD7 (71.25% in LN, 67.6% in BM, 50% in PB, 81.8% in hydrothorax and ascites specimens). Bright CD3 expression was seen in two patients. The expression of CD3 and CD7 in different specimens is listed in Table 2. The coexistence of surface CD3-positive and -negative neoplastic populations was noted in 4.5% (8/167) of patients. The expression of CD45 and SSC was heterogeneous. Bright CD45 expression and large SSC were commonly observed. CD45 negativity was seen in one patient. The CD5 MFI of CD4+ T-cell populations was higher than that of CD8+ T cells by visual assessment. In AITL, CD4 and CD5 MFI were lower in aberrant T-cell populations than in normal CD4+ T cells and were more obvious in BM samples than in tissue specimens (Figure 1). CD2- and CD5-negative cells were observed in 0.6% (1/167) of patients. In BM samples, there was no significant difference in CD2 MFI between neoplastic and normal CD4+ T cells, whereas in tissue specimens, aberrant T-cell populations had brighter CD2 expression than normal controls. CD4-CD8- tumor T cells were detected in 1.8% (3/167) of patients. CD4-CD8+ immunophenotyping was found in 0.6% (1/167) of patients. CD56 was positive in 3.0% (5/167) of patients and was partially expressed in 1.8% (3/167) of patients. We discovered that lack of one expected pan-T cell marker is not enough, at least two (preferably three) of the following indicator of CD4+ T cells must be aberrant: the location of CD45/SSC, the MFI changes (mainly dimished or loss) of CD3, CD5, CD7, CD4 and CD2. The most common aberrancies of pan-T cell antigens in AITL were shown in Figure 2.


TABLE 2 The expression of CD3 and CD7 in different specimens.
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FIGURE 1
 The expression features of pan-T cell antigens of AITL patients in tissue (A) and bone marrow (B). (A) Compared with the corresponding non-neoplastic CD4+ T cells in AITL, neoplastic T cells had bright CD2 expression and diminished CD3, CD4, and CD5 expression. CD7 mean fluorescent intensity (MFI) had no significant difference between CD7+ neoplastic T cells and normal CD4+ T cells. (B) In bone marrow samples, neoplastic T cells had obviously diminished CD3, CD4, and CD5 expression, and there were no significant difference of CD2 expression between neoplastic T cells and normal CD4+ T cells. CD7 mean fluorescent intensity (MFI) had no significant difference between CD7-positive neoplastic T cells and normal CD4+ T cells. *p < 0.05, **p < 0.01, ***p < 0.001.



[image: Figure 2]
FIGURE 2
 The most common aberrancies of pan-T cell antigens in AITL. (A) PB specimen in which neoplastic CD4+ T cells had bright CD45 and PD-1 expression, and diminished CD4 expression, lack of CD3, CD7, and TRBC1 with slightly larger side scatter. The same immunophenotyping was observed in BM, PB, and LN specimens. (B) FNA sample in which CD4+ aberrant T cells had bright CD4, CD2, and PD-1 expression, CD200 was positive, CD5, and CD45 were diminished; CD3, CD7, and TRBC1 were absent; Side scatter was enlarged.




Bright PD-1 expression showed high sensitivity and specificity in differentiating AITL from non-AITL PTCLs and HES and was better identified than CD3 and CD10

The PD-1 mean fluorescence intensity of aberrant T cells was significantly higher than that of residual normal CD4+ T cells (P < 0.0001). In ALCL, PTCLs, MF, ATLL, L-HES and T-CUS, PD-1 was negative to medium intensity expression and rarely had bright PD-1 expression. The PD-1 mean fluorescent intensity (MFI) in different subgroups is shown in Figure 3. The ROC curve (Figure 3) of PD-1 MFI in tissue and BM samples also showed high sensitivity and specificity in differentiating AITL from non-AITL T-cell lymphomas and HES (sensitivity 91.67% and specificity 93.75% for a cutoff of MFI 2023 in tissue samples, sensitivity 100% and specificity 83.33% for a cutoff of MFI 1162 in bone marrow specimens). Although the cutoff values were different between tissue and bone marrow samples, there was no significant difference in PD-1 MFI between them (P > 0.05). Aberrant T-cell populations were better identified by distinctive bright PD-1 expression than by CD3 and CD10 for AITL screening. In our study, CD10 expression (partial or positive) was only observed in 43.8% (35/80) of BM and 45.1% (32/71) of tissue specimens, which was much lower than that in a previous study. CD10 expression detected by MFC in tissue samples was relatively different from that detected by histopathology.


[image: Figure 3]
FIGURE 3
 Flow cytometric findings of PD-1 expression in non-neoplastic CD4+ T cells and T-cell lymphoma. (A) PD-1 mean fluorescent intensity (MFI) in bone marrow samples. The corresponding non-neoplastic CD4+ T cells in AITL were used as a control. The PD-1 MFI in AITL is significantly higher than that in control T cells and other T-cell lymphomas. (B) ROC curve of PD-1 MFI bone marrow samples shows high sensitivity and specificity in differentiating AITL from non-AITL T-cell lymphoma (p < 0.001, AUC 0.970: sensitivity 100.0% and specificity 83.33% for a cutoff of MFI 1162). (C) PD-1 mean fluorescent intensity (MFI) in tissue samples. The PD-1 MFI in AITL is significantly higher than that in control T cells and other T-cell lymphomas. (D) ROC curve of PD-1 MFI tissue samples shows high sensitivity and specificity in differentiating AITL from non-AITL T-cell lymphoma (p < 0.001, AUC 0.971: sensitivity 91.67% and specificity 93.75% for a cutoff of MFI 2023). ***p < 0.001.


It is worth noting that CD4+ T-cell subgroups with distinctive bright PD-1 expression could be commonly observed in RH, HL and some FL tissue samples, but were less frequently seen in BM (Figure 4). CD4+ T-cell populations with CD10 and bright PD-1 expression (an immunophenotype mimicking AITL) were also observed in 2 LN specimens (one with FL and one with RH) but were demonstrated to be polyclonal by TRBC1. The FL patient had an aggressive clinical course with fever, a large amount of polyclonal hyperimmunoglubin, EBV infection, polyserositis and retroperitoneal LN enlargement, which was highly suggestive of AITL. Retroperitoneal FNA histopathology suggested that high-grade FL and TCR/IgH gene rearrangement of FNA were negative, and few cells exhibited Bcl-6 gene rupture and rearrangement by fluorescence in situ hybridization. The MFC was negative in both the T-cell and B-cell screening tubes. Another patient had a history of recurrent lymphadenopathy, and the LN histopathology showed RH. MFC, karyotype analysis and next-generation sequencing were negative. In the above cases, clonality assessment was essential to exclude T-cell lymphoma.


[image: Figure 4]
FIGURE 4
 Flow cytometric findings in non-T cell lymphoma. (A) CD4+ T cells with CD10 and bright PD-1 expression were observed in follicular lymphoma. (B) CD4+ T cells with CD200 and bright PD-1 expression were seen in tuberculous granuloma. (C) Expansion of CD4+T cells with bright PD-1 expression was present in nodular lymphocyte-predominant Hodgkin lymphoma. (D) CD4+ T cells with distinctive bright PD-1 expression were observed in reactive follicular hyperplasia. TRBC1 was polyclonal in these populations.




TRBC1 was polyclonal in reactive conditions and was monoclonal in αβ+PTCLs

None of the AITL patients expressed TCR γδ, and as mentioned in our previous paper, nearly 57% of patients lost the expression of TCR αβ (30). We performed TCR Vbeta in one case expressing TCR αβ and confirmed the monoclonality of the abnormal T cells. TRBC1 was added to 38 AITL patients, 6 with ALCL, 2 with HES, 13 with PTCL, 3 with MF, and 3 with T-CUS. Only 14.3% (5/38) of AITL patients had diminished expression of TRBC1, and meantime neoplastic T cells were all express CD3 and TCR αβ. In 57 TCR αβ negative cases, 5 cases were CD3 positive with TRBC1 negative (4/4), and the remaining 52 cases were CD3 negative and among them TRBC1 was all absent (14/14). In 42 TCR αβ positive cases, 30 cases were CD3 positive and among them TRBC1 was 50% positive (5/10), and the rest 12 cases were CD3 negative (TRBC1 was not added). Among 10 cases of other T-cell lymphomas who had detected all of these three markers, TRBC1 was seen positive in 1 case with CD3 and TCRαβ negative and three cases with CD3 and TCRαβ positive. TRBC1 was negative in 4 cases with CD3 and TCR αβ positive and two patients with CD3 and TCR αβ negative. The aberrant T-cell populations in TCR αβ+ T-cell lymphoma were monoclonal. Polyclonal expression of TRBC1 has never been observed on aberrant T cells in AITL and other PTCLs. Normal CD4+ T lymphocytes corresponding to AITL tumor cells and the normal CD4+CD7- T-cell population in BM, PB and tissues were polyclonal. TRBC1 can robustly exclude reactive polyclonal T cells. In addition, sCD3-CD4+ T-CUS was observed in a 58/male chronic myelogenous leukemia patient, a 67/male severe pneumonia patient and an 83/female iron deficiency anemia patient, and TRBC1 was negative for aberrant T cells. In 3 HES patients, TCRαβ and TRBC 1 was both negative (the flow of two L-HES cases was provided in Supplementary material).



Some AITLs were initially missed by T-cell screening tubes, but neoplastic T-cell populations were successfully discovered by bright PD-1 expression

To patients who were clinically suspected of lymphoma or had equivocal immunophenotyping but had no demonstrable diagnosis at the time of receiving the specimens, PD-1, TRBC1 and some T-cell markers (such as CD3, CD5, CD7, CD4, and CD8) were added to one tube for screening AITL when the MFC did not detect obvious phenotypic abnormalities using T- and B-cell lineage screening tubes. Among them, the T-cell screening tubes initially failed to identify aberrant T cells in 18 samples (seven tissue samples, nine BM, and two PB specimens) from 14 AITL patients, but neoplastic T-cell populations were successfully discovered by bright PD-1 expression. These patients were eventually diagnosed with AITL by histopathology and molecular analysis. The pan-T cell antigens did not show aberrant expression by visual assessment of the T-cell screening tubes. Some of the immunophenotyping characterizations of these patients are summarized in Figure 5. Next generation sequencing (NGS) was performed on 6 of these 14 challenging patients, and all cases had mutations in TET2, five patients had mutations in RHOA (G17 V), two patients had mutations in IDH2, and DNMT3A mutations were seen in one patient.
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FIGURE 5
 Some AITL immunophenotyping could not be detected by the T-cell screen tube. (A,D,E,F) show BM specimens. (B,C) show tissue samples. (A) Aberrant T cells were CD3+, CD4+, and CD10+ with bright PD-1 expression, and CD7 was partially expressed. (B) Neoplastic T cells were CD4+, CD7+, and CD10+ with slightly diminished CD3 and CD5 expression and bright PD-1 expression. (C) Tumor cells were CD3+, CD5+, CD7+, and CD200+ with diminished CD4 expression and bright CD2, CD56, and PD-1 expression, and CD10 was negative (not shown). (D) Abnormal T cells were CD3+, CD4+, CD5+, and CD200+ with bright CD7 and PD-1 expression, and CD10 was negative. (E) An extremely low ratio of CD7 negative T cells was CD3+, CD4+, and CD10+ with bright CD5 and PD-1 expression. The immunophenotyping of neoplastic T cells shifted over time (E,F) before and after therapy, respectively. TRBC1 did not show polyclonal expression in these populations.




Phenotypic changes may appear over time but are relatively stable

We explored immunophenotypic changes over time. Sequential sampling was performed of 31 AITL patients, including four tissue, 75 BM, three ascites, five pleural effusion and seven PB samples. The detection interval ranged from 1 to 78 months after the initial sample. Compared with the initial phenotype, five patients had heterogeneous expression of CD7. Two patients had diminished expression of CD3. One patient had phenotypic changes in both CD3 and CD7 in the second MRD (Figures 5E,F) and had three aberrant T-cell populations with various expression levels of PD-1, CD3, CD10, CD4, and CD7 in the third MRD. Another patient was CD5 negative after CD5 chimeric antigen receptor T-cell therapy. PD-1 was negative in patients with anti-PD-1 therapy. In patients who had two subgroups of neoplastic T cells, the clonal expansion of two phenotypically distinct T-cell populations was variably balanced throughout the course of the disease. Although the initial immunophenotyping of neoplastic T cells could shift over time, at least one major phenotypic abnormality used for gating neoplastic T cells remained unaltered.



The immunophenotypic features of AITL in different sites

To compare the patterns of pan-T cell antigens expression in different sites, we reanalyzed 66 AITL patients with samples from at least two of the following sites: tissue, bone marrow, peripheral blood, ascites, pleural effusion or cerebrospinal fluid involvement. The pan-T cell antigens expression of aberrant T cells at different sites had a high degree of similarity among the different sites of the same patient, with only slight changes in intensity. The absence of CD3 and CD7 was more often seen in patients with ascites and pleural effusion involvement. Inconsistent expression of CD7 in different types of samples was seen in 9.3% (5/54) of patients and was the most common distinction among samples from different sites. CD3 expression was inconsistent between LN and BM in 11.1% (6/54) of patients without an obvious pattern, although all 6 patients had diminished or negative CD3 expression. In patients expressing CD2, the CD2 MFI of aberrant T cells was higher than that of residual normal CD4+ T cells (P < 0.05) in tissue samples, but no significant difference was observed for BM.




Discussion

There is considerable heterogeneity in the clinical course of AITL, and the time from onset to final diagnosis was between 20 days and 4 years, with survival ranging from 20 days to 10 years. Due to the histopathology overlap between AITL and other neoplastic and reactive benign lesions, patients underwent 1 to 4 tissue biopsies on average before a final diagnosis. The most confusing differential diagnoses were reactive lymphoid hyperplasia, T-cell/histiocyte-rich large B-cell lymphoma and nodular lymphocyte-predominant Hodgkin lymphoma. Sensitive MFC detected a neoplastic T-cell population in 94.1% of tissue samples and 71.5%-100% of BM, PB and body fluid samples, which can improve the identification of AITL. As the immunophenotyping of neoplastic T cells may change over time but are relatively stable, therefore MFC is effective for the evaluation of minimal residual disease following therapy.

When there are no demonstrable T-cell neoplasms, the challenges of establishing the diagnosis of AITL by using pan-T cell antibodies mainly come from the following aspects. Firstly, it is quite clear that in contrast to the abundant background components, such as normal T cells, B cells and plasma cells, the proportion of neoplastic T cells is significantly lower, especially in BM and PB specimens. Secondly, AITL with monoclonal B cells and plasma cells or a large amount of polyclonal plasma cells has been reported before. In our preliminary experience, in 6 cases of composite AITL and B-cell lymphoma, the immunophenotyping of neoplastic T cells rarely lost the expression of sCD3 (1/6). It is easy to emphasize monoclonal B cells and plasma cells and miss the subtle phenotypic abnormalities of the relatively few T cells. Thirdly, the coexistence of two distinct abnormal T-cell populations with and without surface CD3 expression was previously reported and was also observed in our report, which may underestimate the tumor burden if only focusing on the sCD3 loss (21). Fourthly, BM involvement was reported in 28–60% of patients (31). However, the ratio has been underestimated. Normal CD7-negative T-cell subgroups are commonly seen in skin, PB and BM specimens and they may expand in benign dermatomes and other reactive conditions (32, 33). In AITL patients, the CD4-positive and CD7-negative phenotype of T-cell populations were exhibited by a variable percentage of neoplastic cells and the admixture of normal CD4-positive T cells. It is challenging to discover malignant CD7-negative T cells when their proportion is extremely low without aberrant expression of other pan-T cell antigens. Finally, we discovered that some AITL cases only showed bright PD-1 expression with or without CD10 expression (Figure 5) and had extremely subtle or no phenotypic changes in pan-T cell antigens. It is particularly difficult to monitor AITL before a final diagnosis.

In previous studies, neoplastic T-cell populations were identified by aberrant antigen expression, such as the presence or absence of antigens that differ significantly from normal T cells, and increased or decreased intensity of antigen expression in comparison to their normal cell counterparts (26). Sometimes the changes of these indicators are so subtle by visual that they need to be assessed by gating neoplastic T cell subgroups using specific markers. Since bright PD-1 expression shows high sensitivity and specificity in differentiating AITL, an additional tube containing PD-1 was performed on suspected patients even when the T-cell screen tube did not discover abnormalities. Interestingly, we discovered that some AITLs were easily missed by the T-cell screening tubes because of the low ratio of neoplastic T cells and the extremely subtle phenotypic changes in pan-T cell antigens. Moreover, a few of them did not have aberrant expression of pan-T cell antigens by visual assessment (Figures 5A,B,D). These neoplastic T cells can only be identified by bright PD-1 expression. To our knowledge, this is a novel finding in AITL that has never been reported before.

The most common immunophenotypic aberrations of AITL were the loss and diminished expression of sCD3 (71.25–81.8% in different specimens), followed by the loss or partial loss of CD7 (50–81.8% in various samples). However, patients with L-HES may present with a persistent circulating sCD3-CD4+ aberrant T-cell phenotype, and clinical features such as skin involvement (most common), hypereosinophilia, peripheral adenopathy and splenomegaly mimic AITL. Clonal rearrangement of T-cell receptor genes can be observed in half of these patients (34). Moreover, sCD3-CD4+ T-CUS was also observed in other hematological disease except lymphoma. PD-1 was negative in the L-HES and T-CUS patients mentioned above, which was useful to distinguish AITL from L-HES and T-CUS of sCD3-/CD4+ immunophenotyping.

Aberrant T cells with CD10 expression were regarded as unique to AITL in previous studies, and CD10 expression (partial or positive) was reported to be 54% in BM/PB specimens and 88.9% in LN samples (12). The relatively specific marker CD10 had low sensitivity in our study, and the expression of CD10 by flow cytometry was significantly different from that in pathology. The abundant background cells and the confusing follicle germinal center cells in the tissue samples may be potential reasons for this finding. It is worth noting that CD4-positive T cells with CD10 expression in tissue samples do not necessarily indicate malignancy. CD10 expression on T cells, which has been reported in HIV and FL patients, was observed in reactive lymphoid hyperplasia and FL in our study. The expression of CD10 in AITL may have been overrated previously.

Using immunophenotypic abnormalities alone is not sufficient to differentiate the natures of T lymphocytes. Due to the polymorphistic phenotype of T lymphocytes, pan-T cell antigens may have changes in their expression intensity (inappropriately increased or decreased) under reactive conditions. T-cell clonality assessment is an important corollary examination for FCI to diagnose T-cell malignancies. However, the clonality of T cells cannot be identified easily, similar to B lymphocytes, using restricted expression of light chains. T-cell receptor (TCR) rearrangement is routinely used to identify the clonality of T cells. Nonneoplastic T-cell populations are polyclonal, whereas PTCLs are monoclonal. However, molecular analysis aims at all events instead of a single subgroup. TCR gene rearrangements are positive in 70–90% of AITL cases; moreover, nearly 10–20% of AITL cases are positive for Ig gene rearrangements (35). The Beta Mark TCR Vbeta Repertoire Kit and T-cell receptor (TCR) β-chain constant regions (TRBC1) enable the assessment of the clonality of TCR αβ T cells by flow cytometry. Compared with the TCR Vbeta Repertoire Kit, TRBC1 is a robust, cheap and labor- and specimen-saving antibody to identify the clonality of T cells (6, 36). In addition, the monoclonal expression of TRBC1 in CD8-positive T cells does not confirm that it is malignant (37). In the CD4-positive T-CUS, L-HES and TCR αβ negative AITL patients mentioned above, TRBC1 was negative. In consideration of the correlation between TRBC1, TCR αβ and CD3, we speculate that TRBC1 loss may be caused by loss of TCR αβ. But TRBC1 is still essential for screening AITL whether neoplastic T cells express TCR αβ or not, which is significant for distinguishing benign and malignant T cells. Polyclonal CD4-positive T cells with bright PD-1 expression can be frequently observed in tissue samples with RH, HL and FL. Under these non-T-cell malignancy circumstances, TRBC1 is of great importance for the exclusion of normal polyclonal T cells.

Flow cytometry would allow an efficient diagnostic workup, for it is good at determining the lineage, the stage, the cell of origin and the benign and malignant. However, in most cases, the judgment of the definite subtype is mainly relying on growth pattern and immunohistochemistry. For example, follicular T-cell lymphoma and nodal peripheral T-cell lymphoma with T follicular helper phenotype (TFH-PTCL) which didn't included in our paper. In fact, follicular T-cell lymphoma is a rare neoplasm and was rarely seen in our department. We had studied and discussed the diagnostic criteria of the 2017 WHO, and find that the points to distinguish AITL, follicular T-cell lymphoma and TFH-PTCL including CD4 expression, hyperplasia of FDCs or HEVs and EBV+ CD20+ B blasts are mainly determined by pathology. Since all of these three lymphomas have a TFH cell phenotype, we guess it may be very difficult for FC to differential diagnoses. Clinical history and other auxiliary examination may help. NGS studies have identified IDH2 R172 mutations to be specific for AITL. About 20% of follicular T-cell lymphoma cases carry a t(5;9) (q33;q22) translocation, leading to ITK-SYK fusion, this translocation appears to be specific for follicular T-cell lymphoma (38, 39). Previous literatures speculate the TFH-PTCL may be a transitional phase of AITL or may constitute a tumor cell-rich variant of AITL because of their significant clinical and immunophenotypic overlap and plasticity, as well as similar TFH gene expression signature and mutation profiles (38, 40, 41). So in the 2022 WHO 5th, the above three TFH-derived T-NHLs are revised to: 1.Nodal TFH cell lymphoma, angioimmunoblastic-type; (2) Nodal TFH cell lymphoma, follicular-type; (3) Nodal TFH cell lymphoma, NOS (42). Till now there is no means can definitely distinguish or prove same of them, much more studies are required in future.

In this study, we demonstrated that using pan-T cell antibodies for screening AITL, as currently used in clinical practice, may underestimate the tumor burden. Accordingly, a rational procedure to differentiate AITL should begin with the exclusion of normal cell populations and the recognition of abnormal T cells in the context of normal hematopoietic cell populations. Bright expression of PD-1 was demonstrated on tumor cells in most cases other than diminished or absent CD3 and CD7 and it could clearly distinguish neoplastic T cells from normal/reactive CD4-positive T cells. In a few cases, detection improvement of neoplastic T-cell populations could be achieved by incorporating bright CD45 expression (and bright CD2 expression in tissue samples) and diminished expression of CD4 and CD5 (Figure 1). Nonetheless, AITL identification remains challenging by MFC in some cases, and more biomarkers should be explored.

In conclusion, T-cell screening tubes can reliably screen neoplastic T cells in AITL patients with typical immunophenotyping, such as loss of surface CD3 and loss of CD7, with a relatively high ratio. However, T-cell screening tubes are not sufficient to detect abnormal T cells when the expression of pan-T cell antigens is normal or they only have subtle changes. BM involvement has been underestimated. T-cell clonality identification is essential to exclude reactive T-cell populations. Using PD-1 and TRBC1 combined with pan-T cell antibodies can make a precise diagnosis of AITL and monitor minimal residual lesions regardless of the antigenic drift of neoplastic T cells.
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