

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-6230-7
DOI 10.3389/978-2-8325-6230-7

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Go with the vet-flow! The current uses and new frontiers of flow cytometry in veterinary sciences

Topic editors

Fulvio Riondato – University of Torino, Italy

Francesco Grandoni – Council for Agricultural Research and Agricultural Economy Analysis | CREA, Italy

Alberto Alvarez-Barrientos – Universidad de Extremadura, Spain

Citation

Riondato, F., Grandoni, F., Alvarez-Barrientos, A., eds. (2025). Go with the vet-flow! The current uses and new frontiers of flow cytometry in veterinary sciences. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-6230-7





Table of Contents




Editorial: Go with the vet-flow! The current uses and new frontiers of flow cytometry in veterinary sciences

Fulvio Riondato, Alberto Alvarez-Barrientos and Francesco Grandoni

Development of a flow cytometric panel to assess prognostic biomarkers in fine needle aspirates of canine cutaneous or subcutaneous mast cell tumors

BinXi Wu, Amandine Lejeune, Verena K. Affolter, Giulia Iamone, Fulvio Riondato and Amir Kol

Flow cytometric analysis of immune cell populations in the bronchial and mesenteric lymph nodes of the dromedary camel

Jamal Hussen, Hind Althagafi, Mohammed Ali Al-Sukruwah, Baraa Falemban and Aimi Syamima Abdul Manap

Physiological values of phagocytic capacity in marine mammals and alterations during pathological situations

Mar Felipo-Benavent, Alicia Martínez-Romero, Mónica Valls, Carlos Rojo-Solís, Teresa Álvaro, Daniel García-Párraga, Consuelo Rubio-Guerri and José-Enrique O’Connor

Platelet phosphatidylserine exposure and microparticle production as health bioindicators in marine mammals

Mar Felipo-Benavent, Mónica Valls, Maria Céu Monteiro, Beatriz Jávega, Daniel García-Párraga, Consuelo Rubio-Guerri, Alicia Martínez-Romero and José-Enrique O’Connor

Delineation of chicken immune markers in the era of omics and multicolor flow cytometry

Sonja Härtle, Kate Sutton, Lonneke Vervelde and Tina S. Dalgaard

Flowcytometric data of intermediate-large cell gastrointestinal lymphoma presenting a gross mass in 32 cats – “let them glow in the flow”

Barbara C. Rütgen, Birgitt Wolfesberger, Daniel Baumgartner, Sabine E. Hammer, Sandra Groiss, Katharina M. Hittmair, Gabriele Gradner, Andrea Fuchs-Baumgartinger, Taryn A. Donovan and Ilse Schwendenwein

Investigation of activation-induced markers (AIM) in porcine T cells by flow cytometry

Madison Moorton, Priscilla Y. L. Tng, Ryo Inoue, Christopher L. Netherton, Wilhelm Gerner and Selma Schmidt

Adapting the SMART tube technology for flow cytometry in feline full blood samples

Katharina Zwicklbauer, Dominik von la Roche, Daniela Krentz, Laura Kolberg, Martin Alberer, Yury Zablotski, Katrin Hartmann, Ulrich von Both and Sonja Härtle

Exploring the dynamics of Programmed Death-Ligand 1 in canine lymphoma: unraveling mRNA amount, surface membrane expression and plasmatic levels

Alessandra Ubiali, Luiza Cesar Conti, Paola Dall’Ara, Raffaella De Maria, Luca Aresu, Pierangelo Moretti, Federica Sini, Fulvio Riondato, Damiano Stefanello, Stefano Comazzi and Valeria Martini

Flow cytometric-based detection of CD80 is a useful diagnostic marker of acute myeloid leukemia in dogs

Tracy Stokol, Sophie Isabella Thomas, Martha Hoffman and Shay Zhao

Flow cytometry of non-hematopoietic cells in canine effusions

Federica Sini, Maverick Melega, Francesca Tiziana Cannizzo, Barbara Miniscalco, Paola Valenti and Fulvio Riondato












	
	EDITORIAL
published: 05 December 2024
doi: 10.3389/fvets.2024.1532735






[image: image2]

Editorial: Go with the vet-flow! The current uses and new frontiers of flow cytometry in veterinary sciences

Fulvio Riondato1*, Alberto Alvarez-Barrientos2 and Francesco Grandoni3


1Department of Veterinary Sciences, School of Agriculture and Veterinary Medicine, University of Turin, Grugliasco, Italy

2Bioscience Applied Techniques Facility (STAB), Universidad de Extremadura, Badajoz, Spain

3Research Centre for Animal Production and Aquaculture, Consiglio per la Ricerca in Agricoltura e l'Analisi dell'Economia Agraria (CREA), Monterotondo, Italy

Edited and reviewed by
Francisco Javier Salguero, UK Health Security Agency (UKHSA), United Kingdom

*Correspondence
 Fulvio Riondato, fulvio.riondato@unito.it

Received 22 November 2024
 Accepted 25 November 2024
 Published 05 December 2024

Citation
 Riondato F, Alvarez-Barrientos A and Grandoni F (2024) Editorial: Go with the vet-flow! The current uses and new frontiers of flow cytometry in veterinary sciences. Front. Vet. Sci. 11:1532735. doi: 10.3389/fvets.2024.1532735



Keywords
flow cytometry, veterinary, dog, cat, marine mammals, camel, chicken, pig



Editorial on the Research Topic
 Go with the vet-flow! The current uses and new frontiers of flow cytometry in veterinary sciences




Flow cytometry has captured the interest of veterinary scientists since the late 1970s. Despite advancements, the gap between veterinary and biomedical flow cytometry remains significant. The present Research Topic was primarily developed to address two questions. The first question, posed by the scientist, is: “Veterinary sciences and flow cytometry—what are the connections between these two fields?” A search for “flow cytometry” (in the title, abstract, or keywords) within the Scopus database yields 6,797 publications in journals classified under the subject area “Veterinary” (at November 19, 2024). These publications are predominantly co-classified in medical and biological subject areas (“Immunology and Microbiology”, “Agricultural and Biological Sciences”, “Medicine”, “Biochemistry, Genetics and Molecular Biology”), although other fields are also represented (“Pharmacology, Toxicology and Pharmaceutics”, “Environmental Science”, “Health Professions”, “Nursing”, and “Social Sciences”). The earliest paper included in this search was published in 1980 (1). Although some earlier studies exist (2, 3), they are published in journals not classified within the “Veterinary” subject area. Since then, the number of publications has shown steady growth, reaching 469 in 2024, with a significant increase starting in 2020. Against this background, this Research Topic aims to “take the pulse” of flow cytometry in the veterinary field today and to present findings from recent studies in relevant areas.

The second question, posed by the cytometrist, is: “Where should I publish the results of my work?” The search in the Scopus database reveals that the 6,797 papers have been published in over 150 different journals. This diversity reflects the lack of journals or journal sections specifically dedicated to flow cytometry within the veterinary sciences. Nonetheless, a minority of papers have been published in journals specifically focused on flow cytometry. Specifically, a Scopus search for the word “cytometry” in the journal title, combined with “Veter*” or an animal species in the “Article Title, Abstract, Keywords” field, resulted in over 150 papers in 6 different journals, most of which are published in Cytometry. However, none of these journals are classified under the “Veterinary” subject area. As a result, authors are compelled to publish in journals focused on specific disciplines or, if they choose to publish in flow cytometry journals, they must forego making a direct contribution to the “official” veterinary field. This situation limits the development of a “vet-flow community” and hinders the growth of interest, expertise, collaboration, and thus, the achievement of meaningful results.

The Research Topic was open to studies from various disciplines to address these two aims. The 11 included articles provide a broad, albeit partial, overview depicting a highly diverse and dynamic field. They demonstrate that flow cytometry is currently used for studies on various animal species, applied to different biological samples, and serving multiple purposes. Studies encompass a range of species, including dogs, cats, pigs, dromedary camels, chickens, and marine mammals, with flow cytometric analyses performed on neoplastic masses, lymph nodes, peripheral blood, and cavity effusions, reporting results of cross-cutting interest. Sini et al. demonstrate that flow cytometry is a reliable alternative to immunohistochemistry for detecting cytokeratin, vimentin, and desmin in canine effusions, paving the way for including these markers in flow cytometric panels as a diagnostic tool to differentiate mesothelial, epithelial, and mesenchymal cells. The article by Ubiali et al. highlights the role of PD-L1 in the pathogenesis of canine lymphomas, revealing differences among B-cell, aggressive T-cell, and T-zone lymphomas. The study examines the surface membrane protein expression and relative mRNA levels in neoplastic cells, and the soluble protein concentration in plasma. Stokol et al. describe CD80 expression in leukocytes from canine peripheral blood and bone marrow, recommending its inclusion in flow cytometric immunophenotyping panels as a lineage marker for diagnosing acute myeloid leukemia. A method for evaluating Ki67 expression by flow cytometry in canine mast cell tumors is presented by Wu et al., offering oncologists a potential tool for prognostication. Rütgen et al. provide a significant case series of gastrointestinal lymphomas in cats, correlating multicolor flow cytometric analysis results with histopathologic classification and PCR clonality testing (PARR), and identifying unique immunophenotypes within B-cell and T-cell gastrointestinal neoplasms. An interesting study by Zwicklbauer et al. introduces a method for stabilizing whole blood from cats to enable long-term flow cytometric analyses, proving the reliability of quantifying T-helper cells, cytotoxic T-cells, B-cells, monocytes, and neutrophils up to 2 years post-sampling. Hussen et al. describe the application of a flow cytometric panel to analyze immune cell composition in the lymph node population compared to peripheral blood in dromedary camels, highlighting differences in lymphoid subset prevalence and specific marker expression. A multicolor approach for characterizing T CD4+ and CD8+ subsets in pigs aimed at studying activation-induced markers is reported by Moorton et al.. Härtle et al. provide an extensive overview of flow cytometry's potential to characterize different leukocyte populations in chickens, summarizing available reagents and guidelines for multicolor approaches. Finally, Felipo-Benavent, Mart-Romero et al. and Felipo-Benavent, Valls et al. focus on marine mammals in two separate articles, detailing flow cytometric methods for assessing phagocytic capacity and platelet function. They provide the first physiological values for various species, offering new tools for evaluating marine mammal health with potential clinical application in aquariums and other settings.

In addition to providing a snapshot of current flow cytometry applications in veterinary medicine and presenting recent findings across disciplines, this Research Topic could represent an important agora for all veterinary cytometrists regardless of their specific field. Considering the number and scientific quality of the manuscripts selected, we believe that the first issue has successfully achieved its objectives and laid the groundwork for a second volume. We hope this work will encourage interest and attract resources to support the continued growth of the “vet-flow” field in the future and help establish flow cytometry as an independent discipline within veterinary sciences too.
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Mast cell tumor (MCT) is a common skin cancer in dogs that has a wide range of clinical behaviors. The purpose of this study was to develop a novel multicolor flow cytometry (FC) panel that will enable the quantification of candidate prognostic markers (Ki-67 and pKIT) in fine needle aspirate (FNA) samples prior to surgical removal of the tumors. FNA of canine MCTs and the NI-1 cell line were utilized to develop a FC panel that includes a viability dye (FVS620, BD Biosciences; 7-AAD, Invitrogen) and the following primary conjugated antibodies: CD117-PE (ACK45, BD Biosciences), pKIT-A647 (polyclonal bs-3242R, BIOSS) and Ki-67-FITC (20Raj1, eBioscience; MIB-1, DAKO). A total of nine FNA samples of canine MCTs were collected, seven out which produced sufficient cells for FC analysis. The Ki-67 antibody clone 20Raj1 produced a positive signal when applied to blood leukocytes but failed to provide robust labeling of neoplastic mast cells. The Ki-67 antibody clone MIB-1 delivered a superior staining quality in both the NI-1 cells and primary MCT cells. CD117-PE signal was adequate post fixation and permeabilization and in the combination of 7-AAD. pKIT produced non-specific staining and was not suitable for this multicolor FC panel. In conclusion, FNA samples of canine MCTs can often yield adequate cell numbers for FC analysis, and a multicolor FC panel was developed that can detect Ki-67 in canine mast cells. This would permit further studies into the potential use of this panel for canine cutaneous and subcutaneous MCT prognostication purposes.

KEYWORDS
 flow cytometry, fine needle aspirate, canine cutaneous mast cell tumor, biomarkers, Ki-67, CD117


Introduction

Canine mast cell tumor (MCT) is a common tumor may occur within the dermis (i.e., cutaneous MCT) or within the subcutaneous fat tissue (i.e., sub-cutaneous MCT) (1, 2), and it accounts for 7–21% of all cutaneous neoplasms (2–4). These tumors have a highly variable biologic behavior ranging from benign to highly metastatic and aggressive (3, 5, 6). An extensive staging diagnostic workup is indicated for cutaneous MCTs if negative prognostic factors are present, such as high tumor grade, but may be unnecessary in low-risk tumors (7, 8). Furthermore, a standardized approach for determining the appropriate extent of lateral surgical margins needed to achieve clear histologic margins remains unavailable, and a tumor of lower grade may not require as extensive a margin to accomplish complete excision (1, 9). While subcutaneous MCTs are considered to have a mostly benign biological behavior (10), a recent study reports a 18% local recurrence rate, a 27% rate of lymph node metastasis and a 13% MCT-related mortality in a cohort of 45 dogs (11). In this context, prognostication assays that can be performed prior to tumor removal are urgently needed.

Ancillary tools have been investigated to help clinicians decide when to be more aggressive in staging and therapy of canine cutaneous MCT. For instance, tumor grade (3, 12) and adjunctive immunohistochemical (IHC) markers such as Ki-67 and phosphorylated c-kit (pKIT) are valuable in predicting the behavior of canine cutaneous MCT. Specifically, the IHC expression level of the nuclear proliferation marker Ki-67 is associated with tumor grade (13) and tumor-related mortality (14). Quantification of pKIT via IHC has been associated with CD117 protein localization, mitotic rate, survival time, tumor grade, and KIT mutation at exon 8 and 11 (15). Similarly, Ki-67 may further serve as a useful prognostic indicator in subcutaneous MCTs as well (16). In other words, histologic tumor grading, and biomarker expressions help predict the biological behavior of canine cutaneous and subcutaneous MCTs, providing valuable information on staging and treatment planning, including surgical options and the inclusion of chemotherapy and/or radiotherapy. Unfortunately, histopathology and IHC are most often done following definitive surgery rather than as a preoperative incisional tissue biopsy, thereby limiting their utilities to guide staging and surgical recommendations. Moreover, with the recent commercialization of the intratumoral anti-cancer agent tigilanol tiglate (17), some patients may never get a biopsy or histopathologic analysis of their tumor, further highlighting the need for an accurate, pre-biopsy, prediction of canine MCT biologic behavior.

Fine needle aspirate (FNA) cytology is the primary diagnostic method for canine MCT. Unlike incisional biopsy, FNA cytology is a minimally invasive, affordable, and rapid diagnostic modality with high accuracy in diagnosing MCT (18). It is also a common modality to obtain samples for lymphocyte immunophenotyping via flow cytometry (FC), and has also been used to detect the presence of mast cells in the lymph nodes of dogs with cutaneous MCTs (19). Moreover, FC has been used to quantify Ki-67 expression in canine lymphoma (20). When compared to IHC, additional benefits of using FC to analyze these markers include the potential for more objective, precise, and robust results. For example, a wide range of Ki-67 IHC indices (from 0.01 to 0.135) has been reported as cutoffs for increased risk of mortality and histologic grade in dogs with cutaneous MCTs (13, 21–23), and FC may be better equipped to standardize the cutoff due to a larger number of cells analyzed. Potential limitations of FC include lack of spatial context within the tumor and uneven distribution of biomarker expression within the tumor (24). Finally, FC panels using FNA samples from canine MCTs to quantify Ki-67 and pKIT in canine MCT have not been reported yet. The objectives of this study were to determine if FNA samples of canine cutaneous or subcutaneous MCT can yield sufficient cells for flow cytometric analysis in the clinical setting and to develop a FC panel that includes CD117 (c-kit, a mast cell identity marker) (19), Ki-67, pKIT, and a viability dye.



Materials and methods


Cell culture

To optimize the flow cytometric protocol for the quantification of Ki-67 and pKIT in canine neoplastic mast cells, the NI-1 (25) canine mast cell line (abm) was used. This cell line was established from a 3.5-years old mixed breed dog with mast cell leukemia. These cells express both CD117 and pKIT (25). The cells were cultured in an incubator with PriGlow II culture media (abm) or RMPI 1640 (Gibco) with 10% FBS (R&D Systems) and 1% penicillin/streptomycin (Gibco) at 37°C and 5% CO2 and passaged every 3–4 days.



Clinical samples

The study protocol was approved by the University of California, Davis Institutional Animal Care and Use Committee (IACUC protocol #21854). To be included, patients had to be diagnosed with cutaneous or subcutaneous MCT based on FNA cytology. FNA samples from dogs were obtained after an informed consent form was signed by the dog owners. The samples were obtained using a 22ga needle attached to a 3 mL syringe and coated with potassium EDTA. Negative suction was applied after penetrating the tumor followed by redirection of the syringe at least 3 times. Two to four syringes were typically obtained from each tumor. The samples were immediately emptied into a sterile tube containing 1 mL of RMPI 1640 with 10% FBS and 1% penicillin/streptomycin with gentle flushing. Discarded canine whole blood from the hematology diagnostic laboratory at the UC Davis, Veterinary Medical Teaching Hospital was used for individual marker staining optimization. Cell counts and viability on all clinical FNA samples were performed by a Muse Cell Analyzer (Millipore) or a hemocytometer.



Flow cytometry

Four antibodies and two viability dyes were evaluated individually (see Table 1). Initial optimization of these antibodies was performed using the NI-1 mast cells, with or without the addition of canine peripheral blood leukocytes as an internal negative control. Titration studies were completed to determine the optimal antibody concentration for each antibody. Clinical samples were processed within 2 h of FNA sample collection. Single color controls (AbC total antibody compensation kit, Invitrogen), viability control (1:1 mixture of freshly cultured NI-1 cells and heat-killed NI-1 cells), and fluorescent minus one (FMO) controls were included for every multicolor panel. Flow cytometry data were acquired between 24 and 48 h post staining and fixing for 8/9 of the samples, using a FACScalibur (BD Biosciences). Data for one sample was collected 1 week after staining due to analyzer malfunction. A minimum of 10,000 events (20) in the intact cell gate were acquired. Flow cytometric data were analyzed using a commercially available software (Flowjo).



TABLE 1 List of the antibodies and viability dyes used for flow cytometry analysis of mast cells in this study.
[image: Table1]



Staining protocol

The samples were incubated, in 100 uL culture media, with anti-CD117 (ACK45-PE) antibody and 7-AAD, at 4°C for 15 min. After incubation, 2 mL of an ammonium chloride-based RBC lysis buffer was used to lyse the RBC and as a wash. This was followed immediately by fixation and permeabilization of the cells (FoxP3 transcription factor fix/perm set, eBioscience) with 30 min of fixation time at 4°C and a single wash using the permeabilization agent. The samples were then incubated at 4°C with anti-Ki-67 (20Raj1-FITC or MIB-1-FITC) antibody and anti-pKIT (Polyclonal 5401R-A647) antibody in 100 uL of permeabilization buffer (with added 2% bovine serum albumin) for 30 min and then followed by a single wash in the permeabilization buffer. 200–300 uL of 1% paraformaldehyde (PFA) in Dulbecco’s phosphate-buffered saline (DPBS) was used to resuspend the samples prior to FC data acquisition. For each run of our final FC panel, 7 tubes were ran as follows: unstained cells, complete panel, FMO-Ki67, FMO-CD117, Viability-only (NI-1 cells), PE single color control (beads), and FITC single color control (beads).

Modifications of the staining protocol were made in an attempt to detect Ki-67 using the 20Raj1 clone. Two different fix/perm reagent kits (FoxP3 transcription factor fix/perm set, eBioscience; True-Nuclear transcription factor fix/perm set, BioLegend) were tested. Modifications of the permeabilization reagent with additional 0.1% Tween, 0.1% Triton, and 0.1% saponin were tested. Different fixation times (30 min vs. 60 min), fixation temperatures (4°C vs. room temperature), antibody incubation times (30 min vs. 60 min), and antibody incubation temperatures (4°C vs. room temperature) were also evaluated.



Statistics

Commercially available statistical software (GraphPad Prism and Excel) was used for statistical analysis. Descriptive statistics were calculated where appropriate.




Results


FNA samples can yield adequate cell number and quality for FC analysis in the clinical setting

Nine FNA samples from dogs with cytologically confirmed MCTs were analyzed for cell yield. Patient demographics, tumor size, location, grade and stage as well as sample collection method and cell yield are detailed in Supplementary Table S1. Six samples were obtained during pre-surgical visits, and three samples were obtained right after surgical excision using the same FNA technique. Tumor size (longest axis) ranged from 0.5 cm to 5 cm. 2–4 syringes were collected from all cases except one where only 1 syringe was collected. Sample cellularity ranged from only 200 to over 16,000,000 total viable cells (200–4,000,000 per syringe) with a median total viable cell yield of 800,000 cells (Supplementary Figure S1). Using 150,000 cells (estimated minimal cells needed for the multicolor panel) as a cutoff, 7/9 (78%) of the samples were adequate for FC analysis. Two out of nine samples (22%) did not yield sufficient cells. Both samples were from tumors that occurred on the limbs/extremities. One of these tumors measured 1.2 cm with only one syringe collected and the other one had measured 0.5 cm. Mild, local adverse events (tumor appeared mildly erythematous or oozing) were noted for two cases and were treated accordingly. Six out of nine samples were used for cell yield analysis and panel development, and 3/9 cases had the full panel performed.



The anti-CD117-PE antibody (clone ACK45) retains its ability to label canine neoplastic mast cells with subsequent cell fixation and permeabilization

The anti-CD117 antibody that was used in this study (ACK45) has been extensively studied in the past and its capacity to label canine mast cells has been reported (19). Nonetheless, cell surface receptor staining protocols (which have been previously reported) (19) do not require cell fixation and permeabilization, which can impact cell staining properties. As the goal is to label CD117 and Ki-67 (intra-nuclear transcription factor) concurrently, fixation and permeabilization steps had to be incorporated into the protocol. The anti-CD117 antibody produced a strong signal when applied to the NI-1 cells without fixation, as expected (Figure 1A). When NI-1 cells were spiked with canine whole blood followed by subsequent fixation and permeabilization, the high CD117 expression of NI-1 cells formed a discrete population that could be readily separated from the peripheral blood leukocytes (Figure 1B). A fixed and permeabilized peripheral blood sample from a dog with mastocytemia (10% mast cells on a 100-cell differential count) showed adequate separation of mast cells from other leukocytes (Figure 1C). This anti-CD117 antibody was further effective in differentiating mast cells from non-mast cells in an FNA sample that was fixed and permeabilized from a dog with MCT (Figure 1D).

[image: Figure 1]

FIGURE 1
 The anti-CD117-PE antibody (clone ACK45, BD Pharmingen) enables effective labeling of canine mast cells with post-labeling fixation and permeabilization. CD117-PE (x-axis) fluorescence plotted against side scatter (y-axis) of different samples containing mast cells. Unfixed NI-1 mast cells showed uniform positivity (A). Fixed and permeabilized NI-1 mast cells spiked with peripheral blood leukocytes showed a discrete population of the mast cells (B). Fixed and permeabilized whole blood from a dog with mastocytemia showed effective separation of mast cells from non-mast cells (C). Fixed and permeabilized FNA sample of a MCT showed effective separation of mast cells from non-mast cells (D).




pKIT staining yields a non-specific staining pattern

The polyclonal 5401R anti-pKIT antibody showed significant non-specific staining of NI-1 cells and peripheral blood leukocytes (data not shown). Consequently, pKIT was excluded from the final FC panel.



The MIB-1 anti-Ki-67 antibody provides a superior staining quality of canine neoplastic mast cells

The MIB-1 clone of the anti-Ki-67 antibody produced a clearly identifiable and distinct signal in NI-1 cells using the FoxP3 transcription factor fix/perm buffer set (Figure 2). On the other hand, the 20Raj-1 clone of the anti-Ki-67 antibody did not produce credible staining in NI-1 cells, despite the many protocol modifications to the fix/perm reagents, concentration, incubation time, and incubation temperature (Figure 2). It also did not produce credible staining of clinical MCT FNA samples (data not shown). However, it did produce positive staining on peripheral blood lymphocytes and one case of suspected acute leukemia (Supplementary Figure S2).

[image: Figure 2]

FIGURE 2
 The MIB-1 anti-Ki67 antibody provides a superior staining quality of NI-1 canine neoplastic mast cells. NI-1 cells were either stained with the 20Raj1 clone (A–C) or MIB-1 clone (D–F).




Proof of concept application of our FC panel

Once the staining protocol for each individual marker was optimized, they were combined to determine if appropriate staining patterns could be identified in FNA samples of clinical MCTs. Appropriate single-color and FMO controls were used. Application of the FC panel to a histologic grade 1/low grade tumor and to a biologically aggressive tumor (confirmed metastasis to the lymph node on cytology) produced a distinct Ki-67 signal that was low (5.2%) in the low-grade tumor sample and was markedly higher (28.8%) in the biologically aggressive tumor (Figure 3). The biologically aggressive tumor had a low number of mast cells on cytology, consistent with the FC results. A 500-cell differential was performed on a Wright Giemsa stained slide consisting mostly of neutrophils with fewer macrophages, lymphocytes, and eosinophils and 1.6% well-granulated mast cells.
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FIGURE 3
 Proof of concept application of the FC panel using samples from a low-grade canine cutaneous MCT (A–D) and a biologically aggressive MCT (E–H). Forward and side scatter for the two different samples (A,E). Gating on the viable cells using 7-AAD (B,F). Gating on CD117 positive cells within the viable cells (C,G). Gating on viable and CD117 positive cells that express Ki-67 (D,H). Appropriate single-color and FMO controls were used.





Discussion

Canine cutaneous MCTs have a highly variable biological behavior and the subcutaneous tumors could be aggressive as well. Limited pre-surgical options are available to assess their prognosis and guide further staging and treatment. The current study developed a FC panel that enables the quantification of Ki-67 expression, a validated IHC prognostic marker, in viable neoplastic mast cells using FNA samples that can be applied pre-surgically. Future studies will be required to determine its clinical efficacy for canine MCT prognostication.

Cell yield experiments showed that sufficient cells can be readily obtained from mast cell tumors via FNA, with 78% of the cases having a total cell yield well above the estimated 150,000 cells needed for this panel (Supplementary Figure S1). This reflects the results of a previous report, where 34/38 (89%) FNA samples of MCT yielded sufficient cells (19). Unlike this previous report, the majority (6/9) of our samples were obtained during the pre-surgical visit as opposed to post-surgical excision. Moreover, all of our samples were obtained by the FNA technique and none were supplemented with tumor scraping. Two out of our nine cases (22%) did not yield sufficient cells. Both of these samples came from small tumors (longest axis 1.2 cm and 0.5 cm) and were located on the limbs. One FNA was obtained prior to surgery and the other was obtained immediately post-surgery. Unfortunately, the low number of samples with insufficient cell numbers (n = 2) did not allow us to determine if there were any statistical associations. Lastly, different operators collecting the FNA samples may have further contributed to variation in cell yield. Further studies are needed to confirm these observations and offer more guidance on FNA sampling for FC.

To ensure only live cells were assessed for biomarker expression, the DNA-binding dye 7-amino-actinomycin D (7-AAD) was applied. In the current protocol, 7-AAD showed a bright and effective signal that differentiated viable cells from non-viable cells. Although typically used for cell-surface-only staining protocols, 7-AAD previously has been reported for intracellular staining with subsequent cell fixation and permeabilization (27). The alternate intracellular amine-reactive dye (FVS620) produced poor CD117 staining index in clinical mast cell tumor samples and was not included in our final panel (data not shown).

Two different anti-Ki-67 antibody clones (20Raj1 and MIB-1) were tested, including different fixation/permeabilization protocols. The MIB-1 clone showed superior staining of mast cells using the FoxP3 transcription factor fix/perm set (Figure 2). The NI-1 cells (Figure 2) and clinical mast cell tumor samples (data not shown) were not reactive to the 20Raj1 antibody, despite different fixation/permeabilization reagents, incubation time, and incubation temperatures applied. This is in contrast to a study reporting the successful use of the 20Raj1 antibody in flow cytometric analysis of canine lymphocytes (26). Moreover, the immunoreactivity of this antibody was detected in a blood sample from a dog with acute leukemia (Supplementary Figure S2), demonstrating that the antibody can detect the Ki-67 antigen in canine cells. The different results with these two antibodies may be due to specificity to different epitopes or that 20Raj1 antibody may require a different type of cell permeabilization. The cause of this discrepancy was not further investigated as it is outside the scope of this project.

A polyclonal pKIT antibody (5401R, BIOSS) showed broad non-specific and uniform binding to peripheral blood leukocytes (data not shown), which should not express CD117 nor its phosphorylated form. Potential causes for this significant non-specific staining include this being a polyclonal antibody, and also targeting a phosphorylated target, which may require a different type of permeabilization (such as methanol-based) that may not be compatible with the rest of our panel markers. As such, this marker was not included in the final multicolor panel.

Finally, and most importantly, the application of the combined multicolor panel showed that a biologically aggressive mast cell tumor, with cytologic evidence of metastasis to the draining lymph node, had a much higher Ki-67 expression compared to a low-grade tumor (Figure 3). Moreover, this case also demonstrated the robustness of the panel and the biomarkers, where the FC was able to delineate the low percentage of mast cells from the predominating leukocytes. Indeed, the primary tumor was markedly inflamed with only a few mast cells identified on cytologic evaluation (1.6% mast cells in a 500-cell differential count), which is consistent with the low percentage of mast cells on FC (2.06% CD117+ cells). More samples will be needed to determine if there is a significant difference in Ki-67 expression level between low-grade and high-grade tumors and if it can be used for disease prognostication.

There are several limitations to this panel development. First, the low number of FNA samples prevents meaningful assessment if the tumor size and tumor location affects FNA cell yield. Second, multiple operators obtaining the FNA samples can lead to variation in cell yield. Third, the NI-1 cell line is from a dog with mast cell leukemia, not a cutaneous mast cell tumor, and may not have the same pattern of biomarker expression. Lastly, spiked peripheral blood leukocytes were used as a negative control population with the NI-1 cells, but they do not represent the typical leukocyte population (mostly eosinophils) in mast cell tumors.

Nevertheless, we provide proof-of-concept data using clinical FNA samples demonstrating the robustness of our FC panel, its ability to separate neoplastic mast cells from non-mast cells, and effectively label Ki-67 within this neoplastic cell population. The development of a multicolor FC panel on canine cutaneous MCT that includes Ki-67 gives us a powerful tool to assess tumor behavior prior to surgery. The immediate next step would be to examine if there is a correlation between Ki-67 expression in neoplastic mast cells via FC and histologic grade, tumor stage and survival.
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SUPPLEMENTARY FIGURE S1 | Cell yield from FNA of nine cases of canine MCT. The black dots represent the six cases in which FNA samples were obtained before surgery. The blue dots represent the three cases in which FNA samples were obtained immediately after surgery. The solid black line represents the median total viable cell yield. The dotted black line represents the estimated minimum cell yield required to perform this FC panel.



SUPPLEMENTARY FIGURE S2 | 20Raj1 anti-Ki67 antibody labeling of peripheral blood cells of a dog with acute leukemia. Forward and side scatter (A). Unstained control (B). 20Raj1 stained sample (C). Appropriate single-color and FMO controls were used.



SUPPLEMENTARY TABLE 1 | Data collected for all nine cases of canine mast cell tumors.
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Dromedary camel is an important livestock species with special economic value in arid and semi-arid regions of the world. Given the limited data on detailed immune cell composition and cell marker expression in the dromedary camel lymph node tissue, the present study was undertaken to investigate the immune cell composition of bronchial and mesenteric lymph nodes from healthy dromedary camels using flow cytometry. In this study, we applied flow cytometry and multicolor immuno-fluorescence to phenotype the main populations of immune cells in the bronchial and mesenteric camel lymph nodes and compared them with separated peripheral blood mononuclear cells and granulocytes. We used antibodies to detect several cell surface molecules associated with camel T cells (CD4, WC1), B cells (MHCII, BAQ44A), monocytes/macrophages (CD172a, CD14, CD163), in addition to the pan-leukocyte marker CD45 and the cell adhesion molecules CD44 and CD18. Compared to blood mononuclear cells, camel lymph node cells contained a higher percentage of lymphoid cells with only a minor fraction of myeloid cells. In addition, the lower expression of CD44 and CD18 on lymph node lymphocytes compared to lymphocytes from peripheral blood indicates higher frequency of naïve lymphocytes in the lymph nodes. The frequency of CD4+ T cells, B cells and γδ T cells within camel lymph node lymphocytes compared to blood indicates a similar tissue distribution pattern of lymphocyte subsets in camel and bovine and supports previous reports on the similarity between the camel immune system and the immune system of other ruminants. Lymph node neutrophils were identified as CD45++ CD172a++, CD14+, MHCIIlow, BAQ44A+, CD44++, CD18++ cells. In conclusion, the present study is describing the employment of flow cytometric single-cell analysis and immunostaining for the analysis of the immune cell composition in the camel lymph node.
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1 Introduction

The classification of lymphoid organs encompasses primary organs, including the bone marrow and thymus, where immune cells are generated and undergo differentiation into functional cells. Additionally, secondary organs such as the spleen, lymph nodes, and the mucosa-associated lymphoid organs (MALT) serve as the sites where immune responses occur (1). Lymph nodes are specialized structures dispersed throughout the body and are responsible for the filtration of the lymph (2). They lymph node is traditionally classified into three distinct histological regions, namely the cortex, paracortex, and medulla, with a capsule that surround the node. The lymphatic tissue within the node is characterized by clusters of immune cells, predominantly consisting of lymphoid cells alongside some myeloid cells, such as macrophages and dendritic cells. Within the node tissue compartments, B and T cells home to distinct areas, where they interact with antigen presenting cells and undergo clonal expansion.

The local immune cell composition within a lymphoid organ is indicative of the balance between cellular migration towards the organ and the rates at which immune cells become trapped and released within it during an immune response (3). The analysis of changes in immune cell distribution in different primary and secondary immune organs has been proven a valuable tool to investigate the immune response to infection or vaccination (4, 5). Different techniques were employed for the analysis of immune cell composition of lymph nodes. Techniques like immunohistochemistry are the best choice when analyzing the area-specific cellular composition of the different compartments of the nodes. Flow cytometry in combination with monoclonal antibody (mAb) staining enables single cell analysis that has proven a useful tool to detect and characterize immune cells in cell suspension. It has the advantage of higher sensitivity for the identification in minor changes in cellular composition, which is pivotal in the early diagnosis of pathologies. The applicability of this method has been addressed in areas of immunopathology and tumor research and diagnosis by the identification of the pattern of distribution of a cell population within tissue homogenates (6). In addition, the comparison between flow cytometry and image cytometry revealed that measurements of lymph node cell populations obtained with the two methods are comparable (6).

Flow cytometric analysis of the cellular composition of bovine lymph nodes revealed the dominance of lymphocytes with minor proportions of CD172a-positive cells, including macrophages and neutrophils (7). Although they are mainly recognized as circulatory short-lived innate immune cells with the ability to infiltrate tissues upon infection or inflammation, neutrophils are now discussed as bridging cells at the interface of innate and adaptive immune systems (8). Recent studies reported the presence of tissue-resident neutrophils in the lymph node under steady-state conditions before the onset of inflammation (9). They enter uninfected lymph nodes via high endothelial venules and patrol the lymph nodes of the skin and mucosal systems under homeostatic conditions (10).

Although some immunohistochemical studies described the structure of the camel lymph nodes and identified some immune cells with a distribution that seems similar to the bovine lymph node (11, 12), flow cytometric analysis of the immune cell composition of the camel lymph node has not been investigated so far. Therefore, the present study was undertaken to test the reactivity of camel lymph node cells with monoclonal antibodies to selected cell surface antigens using flow cytometry. Uncovering the immune cell composition of lymph nodes in healthy animals will help in the establishment of normal values that could be used as reference values for the diagnosis of immunopathology and the analysis of local immune response in lymphoid organs to infection and vaccination.



2 Materials and methods


2.1 Animals and collection of blood and lymph nodes samples

Ten healthy male one-humped camels (Camelus dromedarius) were included in the present study for the collection of blood (only sex animals) and lymph node samples (ten animals). The animals (aged between 8 and 11 years; mean age 8.9 ± 1.1 years) were selected from the camels admitted for normal slaughtering for human consumption at Al-Omran Slaughterhouse in Al-Ahsa Region in Saudi Arabia. All the camels were from Al-Majaheem breed. Each animal was clinically examined for clinical signs like injuries, reproductive, gastrointestinal, or respiratory disease. Venous blood was collected from the jugular vein into vacutainer tubes containing EDTA (Becton Dickinson, Heidelberg, Germany). Directly after euthanasia of animals via bleeding, all viscera were examined to exclude animals with signs of abdominal, thoracic, or reproductive disorders. After collection, bronchial and mesenteric lymph nodes were immediately placed on ice in cold PBS containing 1 mM EDTA and transported to the laboratory within one hour.



2.2 Separation of blood mononuclear cells and neutrophilic granulocytes

Peripheral blood mononuclear cells (MNC) were separated as previously described (13). Briefly, 10 mL camel blood was diluted 1:2 in PBS and overlaid on 15 mL Lymphoprep™ (STEMCELL Technologies Inc. Vancouver, BC, Canada). After centrifugation for 30 min at 1000 × g and 10°C without brake, the MNC were collected from the interphase into new 15 mL tubes containing 2 mL cold PBS. The collected cells were washed three times with PBS (500, 250, and 100 × g, each for 10 min). Finally, the cell pellet was resuspended in PBS and adjusted to 1 × 107 cells/mL. Cell viability (always more than 95%) was evaluated by flow cytometry after adding propidium iodide (2 μg/mL) to the cells. The immunophenotype of blood neutrophils was analyzed by staining whole blood leukocytes. For this, red blood cells were removed by hypotonic lysis and the remaining cell pellet were suspended in PBS (5 × 106 cells/mL).



2.3 Cell separation from lymph node samples

Bronchial and mesenteric lymph node cell suspension was prepared as previously described (14) with some modifications. Firstly, fat and connective tissue were removed from the capsule and the lymph nodes were placed in sterile Petri dishes containing cold PBS-EDTA. The nodes were then cut into small pieces and minced using sterile scissors and forceps. The minced lymph nodes were suspended in PBS-EDTA and the cell supernatants were passed through a cell strainer. After that, the cell suspensions prepared from different regional pieces were merged to homogenize the content making it representative for the whole lymph node. After a washing step in PBS-EDTA for 10 min at 4°C and 300 × g, the cell pellet was resuspended in PBS-EDTA and contaminating red blood cells were removed by hypotonic lysis. Finally, the cell pellet was resuspended in PBS-EDTA at 1.0 × 107 cells/mL. Cell viability (always more than 95%) was evaluated by flow cytometry after adding propidium iodide (2 μg/mL) to the cells.



2.4 Antibodies used in the study

The specificity, clone, species of origin, and commercial provider for all primary and secondary antibodies used in the current study are described in Table 1. The antibody combinations used for the multi-color staining are described in Table 2.



TABLE 1 List of antibodies.
[image: Table1]



TABLE 2 Staining combinations.
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2.5 Membrane immunofluorescence and flow cytometry

Lymph node cells, blood MNC, or total leukocytes were labeled with monoclonal antibodies (mAbs) to camel leukocyte antigens and analyzed by flow cytometry (13). Separated cells (1 × 106 cells/well) were incubated in the wells of a 96-well plate with mAbs cross-reactive with the homologous camel molecules: CD45, CD44, BAQ44A, WC1, CD4, CD18, CD172a, CD14, CD163, and MHCII (15, 16). After incubation (15 min; 4°C), cells were washed twice and were incubated with mouse secondary antibodies (IgM, IgG1, IgG2a; Invitrogen) labelled with different fluorochromes or with mouse isotype control antibodies (Becton Dickinson Biosciences). After washing, cells were analyzed on a Becton Dickinson Accuri C6 flow cytometer (Becton Dickinson Biosciences, San Jose, California, United States). Data of at least 100,000 cells were collected and analyzed with the flow cytometric software C-Flow (Becton Dickinson Biosciences, San Jose, California, United States). For multi-color staining tubes, correction of fluorescence spillover was done after calculation of compensation matrix using the Accuri C6 compensation calculator Excel sheet. For this, a set of single-stained control samples was used to determine the extent of fluorescence spillover from each fluorochrome.



2.6 Statistical analyses

Data analysis was performed using the flow cytometric software C-Flow (BD). Means and standard error of mean (SEM) were calculated using the column statistic function of the Prism software (GraphPad). Differences between means were tested with t-test with p-value of less than 0.05 being considered significant.




3 Results


3.1 Lymph node and peripheral blood mononuclear cells show different fractions of lymphocytes and monocytes

The majority of both lymph node cells and blood MNC stained positively with mAbs to the pan-leukocyte marker CD45 (Figure 1A). A higher (p < 0.05) fraction of lymphocytes (CD172a− CD45+) was found within bronchial (97.9 ± 0.2; mean ± SEM) and mesenteric (96.6 ± 0.5) lymph node than blood MNC (83.1 ± 2.6) (Figures 1B,D). Staining with mAbs to CD14 revealed a lower percentage of monocytes within bronchial (2.3 ± 0.2) and mesenteric (5.2 ± 0.2) lymph node cells compared to blood (17.2 ± 2.4) MNC (Figures 1C,E). The complete gating strategy is described in the Supplementary Figure S1.
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FIGURE 1
 Gating strategy for the flow cytometric analysis of blood and lymph node (bronchial and mesenteric) mononuclear cells. Cells were stained with mAbs to CD45, CD172a, and CD14 and analyzed on the flow cytometer. (A) The percentage of cells stained positive with CD45 mAb was identified within single cells after excluding the cell doublets. (B) Staining of lymph node cells and blood MNC with mAbs to CD172a within CD45-positive cells. (C) Staining pattern of lymph node cells and blood MNC with mAbs to CD14. The percentage of lymphocytes (D) and monocytes (E) of total bronchial (blue color), mesenteric (red color) lymph node, or blood MNC (black color) were calculated and presented. * indicates significant differences (n = 10 animals for lymph node samples and six animals for blood samples; p < 0.05).




3.2 Different cellular composition of lymph node and blood lymphocytes

Staining of blood and lymph node cells with monoclonal antibodies to camel CD4, WC1 (Figure 2A), and MHCII (Figure 2B), revealed higher (p < 0.05) percentage of CD4+ lymphocytes (Figure 2C) in bronchial (49.2 ± 3.3) and mesenteric (43.7 ± 0.9) lymph nodes than in blood (27.8 ± 3.8), while the percentage of WC1+ lymphocytes (Figure 2D) was significantly higher (p < 0.05) in blood (5.0 ± 0.2) than bronchial (1.6 ± 0.9) and mesenteric lymph nodes (0.8 ± 0.9). Bronchial lymph node lymphocytes (17.4 ± 0.6) contained the highest (p < 0.05) percentage of B cells compared to mesenteric lymph nodes (10 ± 0.3) and blood lymphocytes (13.8 ± 0.9) cells (Figure 2E). The complete gating strategy is described in the Supplementary Figure S2.
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FIGURE 2
 Lymphocyte subsets in bronchial and mesenteric lymph node and blood of camels. (A) After gating on lymphocytes within MNC, CD4+ and WC1+ cells were identified based on their staining with corresponding monoclonal antibody compared to isotype control staining. (B) Camel B cells were identified as MHCII-positive cells within the lymphocyte population (CD14-negative MNC). The percentages of CD4+ (C), WC1+ (D), and B cells (E) within lymphocytes were calculated and presented comparatively for bronchial (blue color), mesenteric (red color) lymph node, or blood MNC (black color).




3.3 The camel B cell marker BAQ44A is differently expressed on lymph node and blood lymphocytes

A combined staining with antibodies to CD14, MHCII, and BAQ44A (Figures 3A,B) revealed different expression of BAQ44A on lymph node and blood cells. The percentage of BAQ44A+ cells within total lymphocytes was ten-time higher (p < 0.05) in blood (17.9 ± 1.8) than bronchial (1.9 ± 0.2) lymph nodes. The lowest (p < 0.05) frequency of BAQ44A+ cells was, however, found in mesenteric lymph nodes (0.4 ± 0.1). Similarly, blood MHCII+ lymphocytes contained a higher (p < 0.05) fraction of BAQ44A+ cells than bronchial and mesenteric lymph nodes cells (Figure 3C).
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FIGURE 3
 Expression of the B cell marker BAQ44A on bronchial and mesenteric lymph node and blood lymphocytes. Lymph node cells or blood MNC were labeled with antibodies to CD14, MHCII, and BAQ44A. (A) The fraction of BAQ44A+ cells within lymphocytes was identified as CD14-BAQ44A+ cells. (B) After gating on lymphocytes (CD14- MNC), a gate was placed on MHCII+ cells and the percentage of BAQ44A+ cells within MHCII+ cells was identified in a separate dot plot. (C) The BAQ44A+ cells within total lymphocytes or within B cells (MHCII+ lymphocytes) were calculated and presented for bronchial (blue color), mesenteric (red color) lymph node, or blood MNC (black color).




3.4 Expression of the cell adhesion molecules CD44 and CD18 on lymph node and blood lymphocytes

Bronchial and mesenteric lymph node lymphocytes showed lower expression (p < 0.05) of the cell surface molecule CD44 (Figures 4A,C) compared to lymphocytes from peripheral blood with a mean fluorescence intensity (MFI) value cells of 29,472 ± 1,676 on mesenteric lymph node compared to bronchial lymph node (29,047 ± 1,135) and blood cells (43,180 ± 2,174). Similarly, the expression of CD18 was significantly (p < 0.05) lower on bronchial (5,563 ± 214) and mesenteric lymph nodes (5,675 ± 102) lymphocytes than blood (10,091 ± 1,393) lymphocytes (Figures 4B,D).
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FIGURE 4
 Expression of the cell adhesion molecules CD44 and CD18 on camel lymph node and blood lymphocytes. Camel lymph node cells and blood MNC were stained with antibodies to camel CD44 or CD18 and analyzed by flow cytometry. Histogram presentation of CD44+ (A) or CD18+ (B) lymphocytes within bronchial lymph node (blue line), mesenteric lymph node (red line), and blood cells (black line) in comparison to isotype control (green line). Mean fluorescence intensity (MFI) of CD44+ cells (C) or CD18+ cells (D) were calculated and presented in scattered plot graphs for bronchial (blue color), mesenteric (red color) lymph node, or blood MNC (black color).




3.5 Lymph node and peripheral blood neutrophils showed different immunophenotype

Neutrophils were identified within lymph nodes and blood cells based on their light scatter properties (Figures 5A,B). With a mean of 4.7 (±0.4; standard error of the mean; SEM) for bronchial lymph nodes and 6.2 ± 0.8 for mesenteric lymph nodes, neutrophils were only a minor fraction within lymph nodes cells (Figure 5C), which is significantly (p < 0.05) lower than their percentage in peripheral blood (72 ± 2.4).
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FIGURE 5
 Gating strategy for lymph node and blood neutrophils (PMN). (A) Camel leukocytes or lymph node cells were analyzed by flow cytometry. (B) Neutrophils were identified based on their forward and side scatter properties and their percentages within bronchial (blue color), mesenteric (red color) lymph node, or blood leukocytes (black color) were presented (C).


The immunophenotype of neutrophils was identified based on their staining with mAbs against CD45, CD172a, CD14, MHCII, CD163, CD44, and CD18 (Figure 6A). Staining with marker-specific mAbs were compared with isotype control background staining. Additionally, the expression of the BAQ44A marker antigen was compared between lymph node (Figure 6A) and blood neutrophils (Figure 6B).
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FIGURE 6
 The immunophenotype of lymph node and blood neutrophils. (A) Lymph node neutrophils were stained with mAbs to different cell markers and analyzed on the Accuri flow cytometer. (B) Blood-derived neutrophils were stained with mAbs to BAQ44A and analyzed by flow cytometry.


Similar to blood neutrophils, lymph node neutrophils stained positive for the pan-leukocyte marker CD45, the myeloid marker CD172a, and the LPS-receptor CD14, the cell adhesion molecules CD44 and CD18 with different surface molecules abundance in comparison to blood neutrophils. Compared to their counterparts in blood, lymph node neutrophils showed comparable level of the pan-leukocyte marker CD45 (Figure 7A). The abundance of the monocyte markers CD14 and MHCII (Figures 7C,D) was significantly higher on lymph node cells, while the myeloid marker CD172a was significantly lower expressed on lymph node neutrophils compared to blood neutrophils (Figure 7B). The cell adhesion molecules CD44 and CD18 were also higher expressed on lymph node neutrophils compared to blood neutrophils (Figures 7E,F). Interestingly, lymph node neutrophils showed a positive staining with the B cell marker BAQ44A, which was in contrast to neutrophils from peripheral blood (Figure 7G). For all surface markers, no significant differences could be identified between values for mesenteric and bronchial lymph nodes neutrophils (p > 0.05).
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FIGURE 7
 The abundance of CD45 (A), CD172a (B), CD14 (C), MHCII (D), CD44 (E), CD18 (F), and BAQ44A (G) on neutrophils from camel bronchial (blue color), mesenteric (red color) lymph node, or blood neutrophils (black color). Molecule expression level was presented as mean fluorescence intensity (MFI) of the corresponding antibody staining.





4 Discussion

Lymphocytes are migratory cells that circulate through the different lymphoid and non-lymphoid organs of the body (17). Although their numbers in the peripheral blood represent only a minor fraction (about 2% in adult human) of the total numbers of lymphocytes pool in the body, the frequency of lymphocyte subsets in the peripheral blood is beneficial in daily clinical routine for the evaluation of the immune status of diseased individuals and to design and monitor treatment plans (18, 19). As changes in composition and phenotype of blood lymphocyte does not always reflect changes in the body lymphocyte compartment, the analysis of the tissue-specific distribution of lymphocyte subsets is of primary importance. Given the limited data on detailed immune cell composition and cell marker expression in the dromedary camel lymph node tissue, the present study was undertaken to investigate the immune cell composition of bronchial and mesenteric lymph nodes from healthy dromedary camels using flow cytometry.

Combined staining with mAbs to the pan-leukocyte marker CD45 and the myeloid markers CD172a and CD14 enabled the differentiation between myeloid and lymphoid cells within camel lymph node cells with a comparable composition to bovine (7) and ovine (20) lymph nodes. In addition, the dominance of CD4+ T cells within camel lymph node lymphocytes seems in line with reports in other ruminants (7, 21, 22). Using the same mAbs clones used in the present study, Navarro et al. found similar percentage of CD4+ T cells in bovine blood and lymph nodes (21). Gamma delta (γδ_) T cells represent a major component of the lymphocyte system in ruminants including camels (23). The workshop cluster (WC) 1 antigen, which is a transmembrane glycoprotein related to the scavenger receptor CD163 (24), was used in the present study to identify camel γδ T cells. Although it is expressed on a large proportion of ruminant γδ T cells, using WC1 mAbs will probably miss WC1-negative γδ T cells (25). Therefore, the development of antibodies to camel γδ TCR is essential for complete identification of all γδ T cell subsets. In the present work, the frequency of MHCII+ and WC1+ lymphocytes in lymph nodes compared to blood indicates a similar tissue distribution pattern of B cells and γδ T cells in camel and bovine (21). All these results support previous reports on the similarity between the camel immune system and the immune system of other ruminants (26). Although mesenteric and bronchial lymph nodes showed similar frequency of lymphoid and monocytic cells as well as of helper and γδ T cell subsets, the lower fraction of B cells in the mesenteric lymph nodes indicates a tissue-specific distribution of these cells in the camel.

The BAQ44A mAb recognizes a non-immunoglobulin 60,000 MW B cell-lineage-specific molecule that has been characterized in ruminants and does not correspond to the human CD nomenclature (27–29). In goats, BAQ44A mAb marked both surface immunoglobulin (sIg)+ and sIg− B cells in the B cell areas in the germinative center dark zone, but did not label plasma cells (30). In the present study, a significant proportion (25 to 40%) of camel peripheral blood B cells (MHCII+CD14− lymphocytes) stained positive with BAQ44A, which is similar to the expression pattern for blood B cells from bovine and small ruminants (21). In contrast, the lower fraction of BAQ44A+ cells within total lymphocytes and MHCII+ lymphocytes in camel lymph nodes cells compared to blood MNC indicates different expression pattern of BAQ44A in camel and other ruminants (30). The functional relevance of this species-specific expression of BAQ44A requires functional characterization of the BAQ44A molecule. Using MHCII staining for the identification of camel B cells represents a limitation of the present study. This is because MHCII molecules could also be detected on a minor subsets of activated T cells in bovine (31) and human (32). In the healthy dromedary camel, although we could not identify any MHCII expression on CD4+ T cells (Supplementary Figure S3), we cannot exclude the induction of such subset within stimulated T cells in diseased animals. Although we tested several antibodies to human and bovine CD19, CD20, CD21 for their reactivity with camel homologous antigens without any potential cross-reactivity, further studies are required to screen antibodies to other specific B cell markers like CD79a and Pax5 for their reactivity with camel B cells.

CD44 is a cell adhesion receptor (also known as P-glycoprotein 1) involved in cell adhesion and migration (33, 34). In immunophenotyping studies involving human and mice, CD44 abundance is usually used as a marker for the differentiation between memory or effector and naïve lymphocytes (4), with low CD44 expression being indicative of the naïve cell phenotype (4, 35). In the present study, lymph node lymphocytes showed lower CD44 expression compared to lymphocytes from peripheral blood, indicating a higher frequency of naïve lymphocytes in the lymph nodes. This was also supported by the lower expression of the cell adhesion molecule CD18 on lymph node compared to blood lymphocytes (36). The presence of naïve T cells in lymphoid and mucosal tissues has been described previously with the evidence that these cells are blood-derived cells that supply the draining lymph nodes with cells that can be rapidly sampled by local antigen-presenting cells (4, 37).

Lymph nodes serve as sites for the immune response against infections, carrying out the crucial role of filtering tissues and tissue fluids. Their immune cell composition and phenotype may reflect pathologies in tissues they drain. Although bronchial and mediastinal lymph nodes are responsible for trapping and immune response to respiratory and intestinal antigens, respectively, recent studies reported the existence of gut-lung axis with a bidirectional migration and cross-talk between immune cells in the two localizations (38, 39). In subsequent in vivo investigations, it is plausible to employ the mAbs elucidated in the current study in combination with cell tracking dyes, to examine the homing and migratory behaviors of immune cells within the two compartments in both healthy and diseased states of camels.

For the human and murine systems, recent studies reported tissue-specific phenotype for lymph node circulating neutrophils (10). In the present study, immunostaining of lymph node neutrophils revealed a CD45++ CD172a++, CD14+, MHCIIlow, BAQ44A+, CD44++, CD18++ phenotype with some differences to their phenotype in blood. The expression of low levels of CD14 on lymph node neutrophils seems in line with the expression pattern of this LPS receptor on camel (40) and bovine (41) blood neutrophils. In addition, the lack of BAQ44A expression on lymph node monocytes (Supplementary Figure S4) argues against a general expression of this marker on all lymph node myeloid cells. Uncovering the function of BAQ44A in future studies would help in understanding the relevance of its expression on lymph node neutrophils. In addition, the elevated abundance of the MHCII molecules suggests a role for these tissue cells in antigen presentation and activation of CD4-positive T helper cells in the camel lymph nodes. This finding seems in line with recent reports revealing high MHCII expression on human lymph nodes neutrophils (42, 43). In addition, murine neutrophils gained the ability to activate T helper cells through the up-regulation of MHCII molecules and costimulatory molecules upon stimulation with immune complexes (42, 44). Together, all these findings suggest a new role for neutrophils in antigen presentation and indicate their involvement in the adaptive immune response. In fact, these findings related to the immunophenotype of lymph node neutrophils are still limited by the lack of antibodies to specific neutrophils marker in camel like the CD15 in human, Ly-6G in mice, or CH138A in cattle. As a result, the cell population identified as granulocytes based on their FSC and SSC properties may contain other large cells including stromal cell types with high SSC signals. Therefore, future studies may focus on the isolation of these cells using cell sorting and confirming their phenotype under microscope.

Based on their reactivity with blood and lymph node immune cells, the mAbs used in the current work represent a tool for the analysis of the immune cell composition in camel lymphoid tissues. The expansion of the mAbs toolbox with reactivity to new camel antigens, especially CD8 and NKP46, would help in the identification of other lymphocyte subsets, including camel cytotoxic T cells and NK cells. After the establishment of reference values for the lymphocyte composition in blood and secondary lymphoid organs in healthy animals, subsequent studies may investigate the impact of different physiological (such as age, gender, nutritional status), environmental (stress), and pathological (infectious and noninfectious diseases) factors on the tissue-specific distribution of lymphocyte subsets in camels. The efficacy of the lymph node cell preparation process employed in the current investigation may not uniformly release all node cell populations, thereby accounting for the observed reduced occurrence of CD14+ cells. Nevertheless, the benefit of circumventing the potential impact of digestive enzymes on the cell immunophenotype, as previously documented for the often employed digestive enzymes, Collagenase and Dispase, is noteworthy (45). Another limitation of the present work is the low number of animals used for collection of blood and lymph node samples, which may not be representative of the diversity and variability of the camel population. In addition, the study does not investigate the potential effects of physiological factors, such as age, breed, and gender or environmental factors, such as diet, climate, or living conditions, on the makeup of immune cells, which is another limitation of the present work.



5 Conclusion

In conclusion, the present study employed flow cytometric single-cell analysis and monoclonal antibody staining for immunophenotyping the main populations of immune cells in the bronchial and mesenteric camel lymph nodes. A distinct expression pattern was found for the B cell marker BAQ44A in camel lymph node, with only a low fraction of BAQ44A+ cells in camel lymph nodes cells compared to blood MNC. In addition, the lower expression of CD44 and CD18 on lymph node lymphocytes compared to lymphocytes from peripheral blood indicates higher frequency of naïve lymphocytes in the lymph nodes. The identification of key immune cells in the camel lymph node provides a valuable tool to investigate the structure of the camel lymphoid system in health and disease. Further studies are, therefore required to investigate the clinical relevance of the observed results on specific camel respiratory diseases.
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The study of the immune function in marine mammals is essential to understand their physiology and can help to improve their welfare in the aquariums. Dedicating efforts to studying marine mammal physiology, pathophysiology, and implementing new diagnostic and therapeutic tools promote progress towards preventive medicine in aquariums by facilitating early detection and treatment of diseases. However, biological and clinical research on marine mammals is currently very limited due to difficult access to these species and their biological samples. With this objective, our group has adapted to marine mammals a commercially available assay routinely used to evaluate the phagocytic capacity of monocytes and granulocytes in human whole blood samples. We adapted IngoflowEx kit to bottlenose dolphins (Tursiops truncatus), beluga whales (Delphinapterus leucas), walruses (Odobenus rosmarus), Patagonian sea lions (Otaria flavescens), and harbor (Phoca vitulina). In this paper, we report the modifications carried out on the original protocol for their correct functioning in marine mammals. We obtained physiological values of phagocytic capacity in each species after repeated sampling for 4 years in various individuals of each species. Specific results revealed that the % phagocytic cells that ingested E.coli in bottlenose dolphins were 59.6 ± 1.27, in walruses 62.6 ± 2.17, in sea lions 57.5 ± 4.3, and in beluga whales 61.7 ± 1.4. In the case of the % phagocytic cells producing respiratory burst in bottlenose dolphins were 34.2 ± 3.6, in walruses 36.3 ± 4.3, in sea lions 40.8 ± 10.2, and in beluga whales 26.3 ± 3.7. These preliminary results can be used as a reference to detect alterations in phagocytic capacity either by immunosuppression or by exacerbation of the response in infectious inflammatory processes. Clinical applicability of the assay was verified in two clinical cases in which Ingoflow was useful to detect immune alterations in two diseased individuals, before and after the onset of clinical signs.
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1 Introduction

Marine mammals, positioned at the apex of the aquatic food chain, are characterized by their long-life spans, and serve as the ultimate recipients of impacts within marine ecosystems (1, 2). These impacts can arise from various threats, including pollution, pathogens, and accidental fishing.

Presently, the discharge of pollutants into the ocean stands as a prominent global environmental challenge. Urban, agricultural, and industrial waste, totaling nearly 400 million tons annually, introduces a variety of heavy metals, solvents, and xenobiotics into marine ecosystems. Alarmingly, approximately 80% of the wastewater released into the sea remains untreated (3). These pollutants settle in the water and sediment on the ocean floor, where smaller organisms ingest them. Larger species then bioaccumulate contaminants through their diet (2). The biomagnification process leads predators to accumulate higher concentrations than their prey, given their extended exposure and longevity (4). Consequently, marine mammals serve as bioindicators in aquatic ecosystems, playing a crucial role in pathophysiological and toxicological studies (2). Various pollutants, such as heavy metals, insect repellents, pesticides, per- and polyfluoroalkyls (PFAs), polychlorinated biphenyls (PCBs), organochlorine pesticides (OCPs) or tributyltins, have been identified in tissues of different marine mammal species. Specifically, striped dolphins (Stenella coeruleoalba) (5, 6), Fraser’s dolphins (Lagenodelphis hosei) (7), common dolphins (Delphinus delphis) (8), killer whales (Orcinus orca), polar bears (Ursus maritimus) (9) or harbour seal (Phoca vitulina) (10) presented one or more of these compounds. In addition, by 2014, the worldwide production of plastics had exceeded 300 million metric tons annually. Plastic waste has been identified across all major marine environments globally, ranging in size from microns to meters (11). This pervasive presence of plastics is a growing concern, particularly as marine mammals are also known to suffer from the impacts of plastic pollution. In fact other studies confirmed the presence of phthalates in the urine of bottlenose dolphins (Tursiops truncatus), demonstrating their dietary exposure to microplastics or plastic derivates (12).

The exposure to certain contaminants, such as PCBs, pesticides, or heavy metals, can lead to diseases in animals. Specifically, the direct relationship between exposure to certain xenobiotics and alterations in immune functionality has been demonstrated in several in vitro studies conducted in different marine mammal species. On one hand, certain PCBs have been shown to decrease the function of granulocytes and lymphocytes in killer whales and polar bears (9). PCBs have also been associated with a reduction in NK cell activity in Californian sea lions (Zalophus californianus) (13). On the other hand, OCPs have been found to reduce the phagocytic capacity in killer whales (9). Heavy metals such as Hg and Cd can alter the viability and function of lymphocytes and granulocytes in bottlenose dolphins (14). Also, tributyltin and some of its metabolites, especially dibutyltin, have the potential to alter leukocyte function in seals, leading to a reduction in the activity of phagocytes, B lymphocytes, and NK cells (10). Additionally, silver nanoparticles from textile and cosmetic industries have been observed to generate a decreased proliferative capacity of lymphocytes and induce apoptosis in dolphins (15).

Nevertheless, the human impact on the marine ecosystem is not limited to the leakage of pollutants. Overfishing has resulted in competition for fish between humans and cetaceans (16), leading to increased accidental net captures (17). Furthermore, maritime traffic, military maneuvers, and oil or gas extraction generate high levels of sound in the ocean (18), often overlapping or surpassing the sounds emitted by marine mammals for communication, reproduction, or hunting (19). All these situations can trigger an acute stress response in the animals, accompanied by alterations in behavior and the release of cortisol and catecholamines into the bloodstream (18). Catecholamines, such as epinephrine and norepinephrine, increase respiratory and heart rates and the arrival of blood to the muscles, facilitating the fight or flight response (20). This occurs at the expense of the function of other structures, such as the digestive, reproductive, or immune systems. Both catecholamines and glucocorticoids affect the functionality of immune cells by binding to specific leukocyte receptors, triggering alterations in cytokine production and inhibition of cell maturation and mobilization. The primary stress molecule in mammals is cortisol, which binds to glucocorticoid type II receptors in the cytoplasm of immune cells. Subsequently, this receptor is translocated to the cell nucleus, where it alters the production of numerous cytokines such as interferon-gamma (IFNγ), interleukins IL-1, IL-2, and IL-6, or tumor necrosis factor (TNFα) (20). Therefore, stress can also impair immune function in marine mammals.

Additionally, marine mammals are exposed to numerous pathogens in the ocean. Some of them can enter through untreated human wastewater that is discharged into the sea (3), while others are natural environmental organisms. As is well known, bacterial or fungal infections (21, 22), may exacerbate immune function, while others, typically of viral origin, may induce immunosuppression in animals.

Finally, as is widely recognized, stress can induce significant physiological alterations in living organisms, one of which, in the animal kingdom, is immunosuppression (23). It is well known that animals under human care can suffer stress in specific conditions and this result in a decrease of the functionality of the immune system (24).

In summary, the immune function of marine mammals can be altered through various mechanisms and serves as a biomarker not only of the health status of the animal but also of the environment in which it resides. Establishing standardizable methods to monitor immune function in these species is necessary to determine, firstly, the physiological immune functionality in healthy animals, and secondly, immune alterations due to pathologies, stress, or exposure to xenobiotics. This is particularly relevant in aquarium veterinary clinics, as these species may not exhibit signs of weakness until the disease has advanced, to avoid appearing vulnerable to larger predators in the wild. Routinely measuring immune function could be a valuable tool in the early diagnosis and monitoring of certain pathologies in marine mammals.

In this study, our group concentrates on adapting a human commercial assay for measuring the phagocytic capacity of granulocytes and monocytes to marine mammals. The objective was to establish a fast, simple, and cell-respectful methodology that can be employed to assess the phagocytosis of animals, either to evaluate their health status or to conduct immunity studies. The use of commercial solutions ensures a high level of standardization in experiments, facilitating the comparison of results across studies conducted by different research groups or aquariums. Specifically, our focus has been on adapting the IngoFlow assay for use in bottlenose dolphins (Tursiops truncatus), beluga whales (Delphinapterus leucas), walruses (Odobenus rosmarus), seals (Phoca vitulina) and sea lions (Otaria flavescens). The assay measures pathogen ingestion and our group simultaneously analyzed respiratory burst in granulocytes and monocytes from whole blood samples. Subsequently, we have defined a range of physiological values for each parameter in each species, considering the limited sample size and the living conditions of the individuals. We have observed alterations in the phagocytic capacity of animals with various infections, demonstrating the diagnostic and clinical effectiveness of the method.



2 Materials and methods


2.1 Blood sampling

Heparinized whole blood was obtained from healthy animals under human care at Oceanogràfic Aquarium (Valencia, Spain). One mL of venous blood was drawn from the ventral face of the caudal fin in cetaceans and from interdigital veins on the caudal flippers in pinnipeds. For that, 21G gauge size Butterfly needle (Venofix® by Fa. Braun) and 10 mL single-use syringes (Covetrus) were used. All the animals had been previously trained for blood collection. Samples were analyzed in the Cytomics Laboratory at the Príncipe Felipe Research Center (CIPF, Valencia, Spain) within 2 h after being obtained. We obtained 44 samples from 15 bottlenose dolphins (Tursiops truncatus), 20 samples from 3 beluga whales (Delphinapterus leucas), 18 samples from 3 walruses (Odobenus Rosmarus), 4 samples from 4 sea lions (Otaria flavescens) and 2 samples from 1 seal (Phoca vitulina). All the experiments were approved by the Animal Care Committee of the Oceanogràfic Aquarium (Reference: OCE-6-17).



2.2 Reactive and solutions


2.2.1 Fluorochromes

Hydroethidine (HE) is an indicator of intracellular superoxide. It was prepared at 1 mg/mL in dimethyl sulphoxide (DMSO) and used at a final concentration of 0.3 μg/mL. Hoechst 33342 (HO) is a vital nuclear marker. It was prepared at 1 mg/mL in distilled H2O and used at a final concentration of 3 μg/mL. Propidium iodide (PI) is a cell viability indicator that stains cells with damaged membrane. It was prepared at 1 mg/mL in distilled H2O, and used at a final concentration of 5 μg/mL. All fluorochromes were obtained from Merck (Darmstadt, Germany).



2.2.2 IngoFlowEx Kit for quantification of phagocytic activity

IngoFlowEx (phagocytic assay) (Exbio, Prague, Czech Republic, Cat. ED7040) was adapted to evaluate the phagocytic capacity of monocytes and granulocytes in marine mammals. This kit includes: suspension of fluorescein-labelled E. coli bacteria (E. coli-FITC), quenching solution (trypan blue), solution for erythrocyte lysis and leukocyte fixation, washing buffer and DNA staining solution (PI). Trypan blue (TB) is introduced to freely diffuse into the cell, ensuring uniform distribution throughout the cytoplasm and nucleus. TB can swiftly diffuse through cellular and nuclear membranes. At suitable concentrations, this indiscriminate dispersion of dye molecules positions them effectively in proximity and orientation to autofluorescent or nonspecifically bound fluorescent molecules, enabling quenching to take place (25).



2.2.3 Reactive

Cytochalasin A (ENZO, Farmingdale, NY, United States) is a phagocytosis inhibitor. It was prepared at 10 mM in DMSO and aliquoted and stored at −20°C. It was used at a final concentration of 400 μM.



2.2.4 Buffers, solutions and mediums

Versalyse Lysing Solution (Beckman Coulter, Brea, CA, United States) was used as a non-fixative erythrocyte lysant. RPMI 1640 medium (GIBCO, 21875034) was used to reconstitute the samples. PBS phosphate buffer saline pH 7.4 (Gibco-Thermo Fisher, Waltham, MA, United States) was used as a general buffer.




2.3 Quantification of phagocytic activity

To assess phagocytic cells function, we studied two essential phases in the phagocytosis process: pathogen ingestion and pathogen destruction by the respiratory burst. The phagocytic assay measures the pathogen ingestion capacity of monocytes and granulocytes in humans. Our group, which was routinely using this kit at that time to measure immune function in humans, introduced several modifications of the original experimental design to optimize its application to marine mammals and added the simultaneous measurement of respiratory burst using HE. The green fluorescent E. coli bacteria provided by the phagocytic assay were used as stimulus, since, like in humans, it is also capable of infecting cetaceans and pinnipeds (21, 22).


2.3.1 Phagocytic assay principle

This assay is based on measuring the fluorescence of phagocytic cells after ingesting green, fluorescent E. coli-FITC. Bacteria is added to the blood and incubated at 37°C (physiological temperature of marine mammals) for 30 min. In parallel, the negative control, not exposed to the pathogen, is incubated too and used to establish in the flow cytometer (FC) the limit between the cells that have phagocytosed the bacteria and those that have not. At the end of the incubation, the sample may contain: (a) autofluorescent phagocytic cells that have not ingested E. coli-FITC. (b) Green-fluorescent phagocytic cells with E. coli-FITC attached to the plasma membrane but not yet ingested. (c) Green-fluorescent phagocytic cells that have actually ingested E. coli-FITC. (d) Green-fluorescent free bacteria.(e) The rest of the blood components (erythrocytes, platelets, debris…).

Erythrocytes are lysed and cell debris and uningested bacteria are removed by washing with PBS. In addition, leukocytes are fixed and stained with PI for being identified as nucleated cells in the flow cytometer. The fluorescence of bacteria attached to the cell surface but not yet ingested is quenched by trypan blue.



2.3.2 Modifications of the assay for its application to marine mammals

We have improved the biological relevance of the original assay by incorporating additional reagents and discarding others provided by the kit. First, HE, an indicator of superoxide radical generated during the oxidative burst is incorporated to the assay. After oxidation during the respiratory burst, HE yields ethidium that intercalates into DNA and emits orange-red fluorescence. So, the phagocytic capacity (estimated by the green fluorescence of the bacteria) and the respiratory burst production (estimated by the red fluorescence of the HE) can be simultaneously evaluated. Since the fluorescence properties of HE-generated ethidium overlap those of PI, we replaced this dye by HO to discriminate nucleated cells.

On the other hand, we have introduced several modifications of the original experimental design to optimize its application to marine mammals, as listed below:

a. Including an additional negative biological control:

The negative control proposed by the manufacturer reports the cell autofluorescence. An additional biological negative control was included by using cytochalasin A as phagocytosis inhibitor. This control is more comparable to the test tube, since it contains the same components (E. coli-FITC and HE), but avoiding the phagocytosis process.

a. Increased incubation period:

We have extended the incubation period from 30 min (according to the manufacturer) to 1 h at 37°C, observing better results in the discrimination between the population of phagocytic cells that had ingested the bacteria and those that had not. The temperature was set to 37°C because the physiological temperature of marine mammals is around 37°C, as it is in humans. Thus, we are recreating the same physiological conditions that would be encountered in vivo.

a. Changing to a non-fixing erythrocyte lysis solution:

The erythrocyte lysis solution provided by phagocytic assay is also fixative. To keep the cells alive, we replaced it with VersaLyse Lysing Solution (Beckman Coulter, California, United States), a non-fixing solution. VersaLyse Lysing Solution is a reagent used to lyse red blood cells from any biological fluid and, in particular, to lyse erythrocytes from whole blood. It is a highly specific and very gentle lysing solution that ruptures erythrocytes but, as it does not fix all cells, does not affect the viability of the remaining immune cells. In the cetacean samples, the manufacturer’s instructions were followed observing good results, however pinniped samples required twice the volume of VersaLyse or the incubation time with the lysis solution to achieve similar results. The variation in the impact of the lysis solution is attributed to the elevated blood lipid content present in pinnipeds. This may hinder, to some extent, the interaction between the reagent and erythrocytes, thereby impeding its effectiveness. This heightened blood lipid content has been documented in previous studies (26).

a. Using RPMI medium to preserve cells until cytometric analysis:

The original assay uses PBS to preserve cells until the analysis. To be more respectful with cell viability, PBS was replaced with warm RPMI medium.

a. Trypan blue addition time:

In the original assay trypan blue is added after the incubation with E. coli-FITC. We observed better results quenching the fluorescence of non-ingested bacteria by adding it just before the reading in the cytometer, avoiding washing after its addition and ensuring its permanence in the sample to quench the fluorescence of free or membrane attached bacteria.



2.3.3 Protocol for the simultaneous measurement of the ingestion capacity and respiratory burst production of monocytes and granulocytes in marine mammals

Five tubes were prepared per analysis: (1) Negative control: to evaluate the autofluorescence of the sample. Without E. coli-FITC and HE. (2) Control of cellular basal oxidative state: adding HE but not E. coli-FITC. This tube allows also for fluorescence compensation of HE into FITC. (3) Biological negative control: inhibiting phagocytosis with cytochalasin A. Adding E. coli-FITC and HE. (4) Control of phagocytosis: adding E. coli-FITC but not HE. This tube allows also for fluorescence compensation of FITC into HE. (5) Test tube: adding E. coli-FITC and HE for the simultaneous measurement of pathogen ingestion and respiratory burst production capacities.

The protocol steps are shown in Figure 1. First, 50 μL of heparinized blood are added to each tube. The tubes are kept on ice for 10 min. After this time, the biological negative control is preincubated with cytochalasin A at a final concentration of 400 μM for 30 min at 37°C CO2 in an incubator. Subsequently, 10 μL of E. coli-FITC are added to the biological and ingestion controls and to the experimental tube. All tubes were incubated for 1 h at 37°C in the CO2 incubator. After incubation, the tubes were placed on ice and in dark for 5 min to stop the phagocytosis process. Then, Versalyse Lysing Solution is added to each tube in cetacean samples (500 μL) or 1 mL in the pinniped samples (1 mL). The lysis solution is allowed to act for 10 min at room temperature and in the dark. Once lysed, the samples are centrifuged for 5 min at 200 g and 4°C. The supernatant is removed, and samples washed twice with 3 mL of cold filtered PBS. After removing the supernatant, the samples are resuspended in 300 μL of tempered RPMI. Finally, HO and HE are added to the corresponding tubes at a final concentration of 3 μg/mL and 0.3 μg/mL, respectively, and incubated for 15 min at 37°C in a CO2 incubator. Before the analysis in the flow cytometer, 10 μL of trypan blue solution is added to each tube. Samples are analyzed on the cytometer immediately.

[image: Figure 1]

FIGURE 1
 Diagram of the definitive protocol steps for the simultaneous measurement of the ingestion capacity and the respiratory burst production of monocytes and granulocytes in marine mammals.




2.3.4 Flow cytometer settings

The CytoFlex S flow cytometer with blue (488 nm) and violet (405 nm) lasers (Beckman Coulter, Brea, CA, United States) was configured to collect forward scatter (FSC) and side scatter (SSC) signals as well as the fluorescence emitted by the bacteria E. coli-FITC (exc 488 nm/em 525 nm, FITC channel), HO (exc 405 nm/em 450 nm, BP450 channel) and HE (exc 561 nm/em 585 nm, PE channel).

The population identification and gating strategy is detailed in Figure 2. Leukocytes were identified as HO fluorescence positive events (Figure 2A). From leukocytes, phagocytic cells (monocytes and granulocytes) were selected by morphology, according to their relative size (FSC) and internal complexity (SSC). Dead cells were also discarded morphologically in this step (Figure 2B). Subsequently, cell aggregates were electronically removed using the area (FSC-A) and peak (FSC-H) signals of the FSC (Figure 2C). To ensure the same number of events in all the experiments carried out, a limit of 10,000 events was established in the single cell population in all the analyzes carried out. In live and individual monocytes and granulocytes, the phagocytosis capacity and respiratory burst production were quantified simultaneously. For this, a dot-plot comparing the E. coli-FITC and HE-PE signals was used in the different tubes: (1) Negative control: in this tube phagocytic cells were not exposed to either E. coli-FITC or HE, so all events are negative to both fluorescence, giving the cells autofluorescence (Figure 2D). (2) Control of the basal oxidative state: provides an estimation of the cells basal redox state, since HE is added but not E. coli-FITC (Figure 2E). (3) Biological negative control: in this tube the phagocytosis is inhibited with cytochalasin A, so few events present FITC and HE fluorescence (Figure 2F). (4) Control of ingestion capacity: in this tube E. coli-FITC is added but not HE, observing the percentage of phagocytic cells emitting bacteria-dependent fluorescence (Figure 2G). (5) Test tube: this tube shows the percentage of phagocytic cells that: have not ingested and destroyed the bacteria (E. coli− HE−); contain bacteria inside but have not yet destroyed them (E. coli+ HE−); have ingested bacteria and are producing the respiratory burst (E. coli+ HE+) (Figure 2H).

[image: Figure 2]

FIGURE 2
 Analysis by flow cytometry of monocytes and granulocytes phagocytic capacity in marine mammals. (A) Identification and gating of nucleated cells as HO+ events (leukocytes). (B) From leukocytes, gating of live monocytes and granulocytes by morphology (FSC-SSC). (C) Aggregates exclusion by analysis of FSC-height vs. FSC-area of live monocytes and granulocytes. To ensure the same number of events in all the experiments carried out, a limit of 10,000 events was established in the single cell population. From single events: (D) Negative tube: since E. coli-FITC and HE-PE were not added, all events are negative for both fluorescences. (E) Control of cells basal redox state: since only was added HE. (F) Biological negative control: few events present E. coli-FITC and HE-PE fluorescence after inhibiting phagocytosis with cytochalasin A. (G) Control of ingestion capacity: percentage of cells present E. coli-FITC fluorescence after having ingested it. HE was not added. (H) Test tube: shows the percentage of cells that have not ingested E. coli-FITC and produced respiratory burst (E. coli− HE−), the percentage of cells that ingested E. coli-FITC but have not yet produced respiratory burst (E. coli+ HE−) and the percentage of cells that ingested E. coli-FITC and produced respiratory burst (E. coli+ HE+).




2.3.5 Numerical analysis of phagocytic capacity

Two parameters were assessed using Flowjo software: (a) The percentage of cells that ingested the pathogen: calculated by subtracting the percentage of FITC positive events of the biological control from that of the experimental tube. (b) The percentage of cells generating the respiratory burst after ingesting the bacteria: calculated by subtracting the percentage of E. coli+/HE+ cells of biological control from that of the experimental tube.




2.4 Statistical analysis

The mean, median and standard error of the median (SEM) were calculated for each parameter in all the species. To evaluate differences between animals per sex and age we performed t-test in GraphPad Prism 5. The results were considered statistically significant when p-value <0.05. To evaluate differences between species, the distribution of the data for each parameter was tested using Shapiro–Wilk test. In all cases the data distribution was normal one-way ANOVA test was utilized.




3 Results


3.1 Adapting a standardized assay to measure phagocytic capacity in marine mammals

It is the first time that a commercial kit intended for human medicine has been adapted to measure phagocytic capacity in dolphins, beluga whales, walruses, sea lions and seals. It represents a novelty in the field of marine mammal immunology and a new study tool that allows the standardization of the results in different investigations. Since IngoFlow Kit is originally intended for diagnosis in human medicine, it undergoes numerous and exhaustive quality controls before being commercialized to hospitals or research centers. So, the use of this adapted kit with added solutions and modified protocol implies the standardization of the results between individuals, samples from the same individual at different times or even between studies. Adapting this assay to marine mammals allows the results obtained between different research groups to be very reliably comparable.

On the other hand, the use of HE to study the respiratory burst production is also an innovation in immunological studies in marine mammals, demonstrating its usefulness as superoxide marker in these species.



3.2 Obtaining physiological values of phagocytic capacity in healthy marine mammals

In order to detect eventual alterations in phagocytic capacity, first it was necessary a previous descriptive study of phagocytes normal function for each specie. With this purpose, periodically samples of individuals of different species were analyzed over 4 years. Specifically, 44 total samples were obtained from 15 dolphins, 20 samples from 3 belugas, 18 samples from three walruses, and to a lesser extent, 4 samples from 4 sea lions and 2 samples from a seal. In the last two species the data must be taken with caution due to the small number of samples, but it can be indicative for future studies. The median for each animal was obtained, discarding the data obtained when the animal was sick. Then, the mean and standard error (SEM) of the specie was calculated obtaining a range of physiological values for each parameter in healthy animals of the different species.

The most robust data were obtained in dolphins, since the population size and the number of samples per individual were greater. This methodology was useful for the internal control of the animals under study, but to extrapolate the results to other animals it would be convenient to carry out routine analysis in animals housed in different aquariums.


3.2.1 Ranges of phagocytic capacity of monocytes and granulocytes in marine mammals

The ranges of the physiological values for ingestion capacity and respiratory burst production in each species, and the effects of sex and age are detailed below (Tables 1–4). The physiological values were calculated for all species except seals, since in that case we only had samples from one animal. In this case, the main objective was to set up the methodology for its use in future studies. On the other hand, the results obtained in sea lions should be taken with caution due to the small sample size.



TABLE 1 Physiological phagocytic capacity values in dolphins after 1 h of incubation with the pathogen.
[image: Table1]



TABLE 2 Physiological phagocytic capacity values in beluga whales after 1 h of incubation with the pathogen.
[image: Table2]



TABLE 3 Physiological phagocytic capacity values in walruses after 1 h of incubation with the pathogen.
[image: Table3]



TABLE 4 Physiological phagocytic capacity values in sea lions after 1 h of incubation with the pathogen.
[image: Table4]


3.2.1.1 Bottlenose dolphins

The physiological values of phagocytic function obtained from more than 40 samples from 15 dolphins are detailed in Table 1. No significant differences were observed between animals of different ages or sexes.



3.2.1.2 Beluga whales

The physiological values of phagocytic function obtained from 20 samples from 3 beluga whales are detailed in Table 2. No significant differences were observed between animals of different ages, however, the female presented a significantly higher percentage of phagocytic cells capable of ingesting the pathogen than males (p = 0.0175*). Since we only provided samples from one female, this finding could be due to intrinsic characteristics of the individual. To confirm the dependence on the gender of this effect, it is necessary to increase the population size.



3.2.1.3 Walruses

The physiological values of phagocytic function obtained from 18 samples from 3 walruses are detailed in Table 3. As all the walruses were females and of the same age, no sex or age differences could be investigated in this species.



3.2.1.4 Sea lions

For the study, 4 samples from 4 healthy adult sea lions were obtained. Although the sample size is insufficient to obtain physiological values of the population, Table 4 shows the results obtained in this group, which can be indicative of the species. It would be necessary to expand the sample size in future studies. No statistically significant differences were observed between sexes.




3.2.2 Differences in phagocytic capacity among marine mammal species

Shapiro Wilks test determined the normal distribution of the data for both parameters studied: pathogen ingestion capacity and respiratory burst production, presenting the p-values p = 0.23 and p = 0.09, respectively, (p > 0.05). No statistically significant differences were observed between the different species in pathogen ingestion capacity (p = 0.2) and respiratory burst production (p = 0.87) using one way ANOVA.




3.3 Application of phagocytic capacity measurement to health monitoring in clinical cases

After establishing the physiological phagocytic capacity values per species, it was possible to detect alterations in several clinical cases of animals with different disorders.


3.3.1 Clinical case 1: bottlenose dolphin with fungal infection

One dolphin in the aquarium suffered chronic intermittent respiratory infections due to the fungus Rhizopus microsporus. This fungus belongs to the class Zygomycetes, which are widely distributed in the environment. The most common mode of infection is by inhalation of spores traveling in the air. The first defensive barriers against zygomycetes are the mucous membranes and the endothelium, although some spores can invade it. Phagocytic cells act against the fungus, preventing its germination and the proliferation of hyphae (27). Normally, the spores are easily fought by the host’s phagocytic cells, however, if the spore load is very high or the animal is immunodeppressed, hyphae are developed producing lesions in the area (27).

The phagocytic capacity values of the dolphin during three different episodes of Rhizopus microsporus infection are detailed next. In all three cases, the animal showed a percentage of phagocytic cells ingesting the pathogen significantly higher than the population average. Specifically, the percentages were the following: episode 1: 79%; episode 2: 76.6%; episode 3: 76%. The mean ± SEM of the three episodes was 77.2 ± 0.9%, which is significantly higher (p < 0.0001***) than the mean presented by the population of healthy dolphins (59.6 ± 1.27%) (Figure 3A). Furthermore, during one of the episodes it also showed an increase in the percentage of cells that produced the respiratory burst (61%) compared to the healthy population (34.2 ± 3.6%) (Figure 3B).

[image: Figure 3]

FIGURE 3
 Clinical cases. Phagocytic capacity values in two sick dolphins. Clinical case 1: (A) dolphin with recurrent fungal infection presented pathogen ingestion capacity values significantly higher than healthy average in three different episodes (p < 0.0001***) (sick: 79, 76.6 and 76%, mean ± SEM: 77.2 ± 0.9%; healthy: 59.6 ± 1.27%). (B) During one episode, it also presented a higher capacity to generate respiratory burst than the healthy average (sick: 61%; healthy: 34.2 ± 3.6%). Clinical case 2: 3 days before showing digestive symptoms due to yeast, a dolphin presented a lower phagocytic capacity than healthy average in a routine control. (C) This effect was observed both in the ingestion capacity (sick: 30%; healthy: 59.6 ± 1.27%) (D) and in the production of the respiratory burst (sick: 7.2%; healthy: 34.2 ± 3.6%).


These findings not only demonstrate the higher activation of the animal’s phagocytic cells during infection trying to combat the fungus. It also validates the usefulness of the assay to detect alterations in the immune function of animals during certain pathologies, supposing a new diagnostic tool in clinical veterinary medicine in the aquariums.



3.3.2 Clinical case 2: bottlenose dolphin with low phagocytic capacity and subsequent yeast infection

During one of the routinary samplings of the animals, it was observed that a dolphin presented a percentage of phagocytic cells ingesting the pathogen (30%) and producing the respiratory burst (7.2%) lower than the average of the healthy population (59 0.6 ± 1.27% and 34.2 ± 3.6% respectively) (Figures 3C,D). The animal was apparently healthy and did not show any signs of illness. Three days later the dolphin showed digestive symptoms, mainly diarrhea. The veterinary staff diagnosed a yeast infection.

Some types of yeast are part of the natural intestinal flora of dolphins. Immunodepression has been described as one of the key factors in the imbalance of the intestinal flora, which can trigger, among other things, an overgrowth of yeast that is accompanied by digestive sickness (28).

This clinical case is of special relevance, since the finding of the diminished phagocytic capacity in the animal preceded the appearance of the symptoms, demonstrating the usefulness of this assay to early detect disorders related to alterations in immune function, contributing to the improvement of preventative aquarium medicine.





4 Discussion

Although phagocytosis has been previously studied in marine mammals, the assay adapted by our group in this work represents a significant advancement in the methodology. The main advantage lies in the standardization of the method that ensures its reliable and comparable use in different research groups or aquariums worldwide. In most prior studies, the methodologies used to measure phagocytosis and respiratory burst in marine mammals relied either on the use of Staphylococcus aureus with prelabelled PI (1, 15, 29) or of fluorescent polystyrene beads (10, 14, 30–32) as a stimulus. In the first case, the staining of the pathogen is homemade, making it challenging to compare results between studies. In the second case, the stimulus used is not biological, deviating from the natural response of phagocytes. In our assay, we employed green, fluorescent E. coli, a natural pathogen of marine mammals (21, 22), as a biological stimulus. Additionally, the bacteria were prepared by the commercial company Exbio, following rigorous quality and standardization controls to ensure identical and comparable use in all the kits sold. This assay is also more respectful to the cells compared to those conducted in previous studies, where leukocytes were isolated, followed by cell counts before incubation with the pathogen, erythrocyte lysis, and cell fixation with 1% paraformaldehyde (1, 15, 29, 32). The excessive manipulation of leukocytes can alter their functionality. In our case, whole blood was used to closely mimic the in vivo physiological immune response, keeping the sample as unaltered as possible during incubation with bacteria. Erythrocyte lysis and washes are performed in the final steps, ensuring optimal function of the cells during the phagocytosis process. Respiratory burst has been measured previously in different species of marine mammals, either simultaneously with phagocytosis (1, 15) or separately (29). For this purpose, the reagent dichlorofluorescein diacetate (DCFH-DA) has been used (1, 15, 32). Our choice of HE was based on preventing fluorescence overlap of the bacterium and the oxidative burst indicator. Thus, our assay with the IngoFlow Kit is a new and useful tool to compare results between studies, while also being more respectful of cell viability and functionality. The adaptation of the IngoFlowEx assay to marine mammals enables its use as a diagnostic assay in the daily veterinary clinic of aquariums or as a new tool in future immune studies.

Phagocytosis and respiratory burst have been previously studied in dolphins (1, 9, 14, 15, 29, 31), belugas (32), sea lions (9, 31), seals (9, 10, 31), killer whales (9, 31), polar bears (9), and sea otters (31). The study of these parameters in walruses is a new contribution of this work. Our group previously adapted another human kit for measuring phagocytosis in dolphins, namely the pHrodo Red E. coli BioParticles Kit (Thermo Fisher, Massachusetts, United States) (33). However, in most of these studies, the focus was on a methodological approach to the study of phagocytosis in these species and the detection of alterations in phagocyte function after in vitro exposure to environmental pollutants such as PCBs (31), heavy metals (14), tributylins (10), or silver nanoparticles (15). Only one of the previous studies aimed to generate a range of physiological values for phagocytic capacity and respiratory burst production in dolphins (29). Reif et al. (29) analyzed 40 wild dolphin blood samples and established a range of values for ingestion capacity and production of respiratory burst. On the one hand, they obtained the percentages of granulocytes and monocytes capable of ingesting the pathogen, in their case, a pre-labeled Staphylococcus aureus, with values of 19.9 ± 10.5% and 19.1 ± 10.1%, respectively. These percentages differ significantly from those described in this work (59.6 ± 1.27%). It’s important to note that Reif et al. (29) broke down the percentages by cell populations, while in this study, we present a general score of monocytes and granulocytes. Additionally, the protocols are not comparable. In their case, cells were incubated for 75 min with Staphylococcus aureus, while in our assay, they were incubated for 1 hour with E. coli. They used N-ethylmaleimide to block phagocytosis, while we used ice. The lysis of erythrocytes differs in both protocols, and they fixed the cells with 1% paraformaldehyde, a step omitted in our assay. Due to these differences in protocols, the results are not directly comparable. Hence, the standardization of the method provided by the adaptation of the phagocytic assay to marine mammals represents a significant advancement in this context. It’s also noteworthy that Reif’s et al. study (29) was conducted with a population of wild dolphins, while our group studied dolphins under human care. In their case, 89 wild dolphins were sampled, but only 40 samples were used for phagocytosis analysis. In our case, 15 dolphins have been sampled, but they have been tested periodically until reaching a total of 44 samples. While the number of samples is similar, our study takes a step further in elucidating the physiological values of dolphins’ phagocytic function. We obtained serial samples for 4 years from the same individuals, always ensuring they were in good health and excluding samples from sick animals. This rigorous approach has been consistently applied across all studied species. Although Reif’s et al. study (29) represents a significant advancement in understanding the immune function of wild dolphins, the challenging access to these animals limits them to one result per individual, making it difficult to ascertain whether the animals suffered from diseases during sampling. So obviously, the results are different between wild dolphins and dolphins under human care, but it is true that it is a very useful tool since most animals that arrive stranded on beaches are usually sick due to some infectious disease such as cetacean morbillivirus or Brucella ceti, both of which have been associated with immunosuppression (34). Indeed, co-infections of these microorganisms are common (34). However, the problem is that most animals that arrive stranded on our beaches are found dead, and in this case, there is no possibility of obtaining samples of fresh blood to conduct the study of immune function. This is what has happened in our study period; we have not been able to access fresh samples from stranded animals. However, we hope in the future to obtain samples and relate them to the study of possible infections in these animals. For beluga whales, walruses, sea lions, and seals, our study marks the first continuous examination of the same individuals in phagocytic function, establishing physiological values for each species. Interestingly, we have not observed significant differences in phagocytic function values between different species, suggesting a consistent action of phagocytes in marine mammals. While our study serves as an initial exploration in this field, it is crucial to expand the sample size, study more animals from different aquariums, and establish more robust results. Despite these considerations, the utility of our study is evident. Its successful application in various clinical cases of sick animals in aquariums, as demonstrated in the results section, highlights its value. This work presents two cases where the assay proved useful in detecting alterations in phagocyte function in animals suffering from infections, even before presenting symptoms. This underscores its effectiveness in enhancing preventive medicine in aquariums and better monitoring the health status of animals. Notably, the measurement of phagocytosis has never been used for diagnostic purposes in marine mammals before. In conclusion, the adaptation of the IngoFlow assay to these species emerges as a new diagnostic tool in aquariums. Furthermore, it holds potential for research studies, enabling result comparisons between different works conducted globally.
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In human medicine, various pathologies, including decompression sickness, thrombocytopenia, and rheumatoid arthritis, have been linked to changes in cellular microparticles (MP) formation, particularly platelet microparticles (PMP). Similar disorders in marine mammals might be attributed to anthropogenic threats or illnesses, potentially impacting blood PMP levels. Thus, detecting platelet phosphatidylserine (PS) exposure and PMP formation could serve as a crucial diagnostic and monitoring approach for these conditions in marine mammals. Our group has developed a methodology to assess real-time PS exposure and PMP formation specifically tailored for marine mammals. This method, pioneered in species such as bottlenose dolphins, beluga whales, walruses, and California sea lions, represents a novel approach with significant implications for both clinical assessment and further research into platelet function in these animals. The adapted methodology for evaluating PS exposure and PMP formation in marine mammals has yielded promising results. By applying this approach, we have observed significant correlations between alterations in PMP levels and specific pathologies or environmental factors. These findings underscore the potential of platelet function assessment as a diagnostic and monitoring tool in marine mammal health. The successful adaptation and application of this methodology in marine mammals highlight its utility for understanding and managing health concerns in these animals.
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1 Introduction

Microparticles (MP) are vesicles derived from cell membranes with diameters ranging between 0.1 μm and 1 μm, having important functions in cell communication (1). Among MP, platelet microparticles (PMP) are the most abundant in the bloodstream of healthy animals (1–3), constituting 70–90% of MP and presenting a wide variety of preanalytic variables and analytic variables, resulting in a wide range of PMP values in platelet-free plasma (PFP) of healthy subjects (100–4,000 PMPs μL−1). These data indicate that standardization of PMP enumeration by flow cytometry is feasible but is dependent on intrinsic characteristics of the flow cytometer and the calibration strategy (4). PMP, which contain CD41, are physiologically produced during the final phase of platelet activation. Following intraplatelet Ca2+ mobilization, shape alteration, aggregation, and granule secretion, platelets manifest procoagulant activity by exposing phosphatidylserine (PS) from the inner to the outer face of the platelet membrane (5). Subsequently, small membrane fragments are released as PMP (5), playing crucial roles in cell communication, transporting bioactive molecules, and signaling various processes associated with hemostasis and thrombosis.

Moreover, various pathologies are linked to alterations in PMP production, such as decompression sickness (1), thrombocytopenia, rheumatoid arthritis (6), cancer (3, 7, 8), arterial thrombosis (9) atherosclerosis (10), immune thrombocytopenic purpura, or even malaria infection (3). Alterations in blood PMP levels can be associated with different risks. On the one hand, elevated PMP levels can lead to platelet deposition and thrombus formation (3). On the contrary, reduced levels are associated with a propensity for bleeding, as occurs in Castaman’s defect or Scott’s syndrome (11).

For this reason, monitoring blood PMP production serves as a valuable diagnostic and monitoring tool for several disorders, including cancer (12). Despite some of these diseases are not necessarily documented in marine mammals, this is likely due to limited information available compared to other mammals, stemming from the challenges of accessing these creatures in the sea rather than a lack of interest.

An interesting approach to PMP comprehension in marine mammals could be to determine whether, as in humans, diving perturbances can affect the production of PMPs. A similar study has previously been carried out measuring MP in the blood of Steller sea lions, needing more research to elucidate whether decompression has effects on its production (13).

In human divers, a fast ascent from the depth to the surface causes decompression sickness. At high pressures nitrogen is more soluble and accumulates dissolved in blood and tissues. During ascent nitrogen dissolved in the blood and tissues becomes less soluble forming bubbles as ambient pressure decreases swiftly (1). Studies have shown that even asymptomatic divers exhibit elevated levels of cellular microparticles in the blood, primarily carrying specific membrane proteins: CD41, CD31, CD66b, CD142, and CD235 (1). Blood levels of cellular MP have been demonstrated to be 2.4 to 11.7 times higher in symptomatic divers with decompression sickness compared to asymptomatic individuals (1). Therefore, levels of MP serve as reliable indicators for diagnosing and monitoring the progression of decompression sickness in humans (1). In fact, the decrease in MP levels correlates proportionally with the remission of the disease when treating decompression sickness (14). While decompression sickness in marine mammals is unclear, compatible lesions have been detected in some individuals (15, 16). The myoglobin content exhibited a positive and significant correlation with maximum dive duration in odontocetes, indicating its role in facilitating prolonged dives. Additionally, the syndrome of decompression sickness is intricately linked to the diving behavior of cetaceans, with variations in diving types influencing the likelihood of experiencing this condition (17). The rise in human life expectancy has led to an unprecedented increase in the population, consequently driving up the demand for food products such as fish. As a result, fishing practices have become industrialized and expanded into new areas, covering more than 55% of the ocean and causing overexploitation of certain fish populations (18, 19). This expansion has heightened interactions between fishermen and marine mammals, leading to competition for the same resources (20). Occasionally, marine mammals directly encounter fishing nets and become entangled, a process known as bycatch, where they are subsequently released back into the sea (21, 22). Bycatch may inflict severe injuries or mortality on the animals, potentially impacting their demographics and overall survival (23, 24). While marine mammals are anatomically and physiologically adapted to withstand normal diving conditions without experiencing decompression sickness, it has been hypothesized their adaptive mechanisms could fail in highly stressful situations like interaction with fisheries interaction or exposure to high intensity noise exposure (25, 26). There is an hypothesis that provides avenues for new areas of research, offers an explanation for how sonar exposure may alter physiology causing gas embolism, and provides a new mechanism for how air-breathing marine vertebrates usually avoid the diving-related problems observed in human divers (26). Severe gas embolism has been proposed to cause the death of the animals and eventual stranding on the coast (15, 16, 27). In such cases, the absence of bacteria or autolytic changes serves as histological indicators of pre-mortem gas bubble formation (27).

Additionally, a specific acoustic phenomenon termed “rectified diffusion” has the potential to directly cause gas embolism (15). Indeed, instances of mass strandings of marine mammals in regions characterized by high levels of noise pollution have been documented (28, 29). Notably, the significant stranding events involving beaked whales occurring mere hours or days following the use of military sonars in the same maritime zones stand out as crucial examples of the consequences of high intensity underwater noise on certain marine mammals, with gas embolism identified as the primary cause of death in some species (15, 30). Beaked whales typically engage in deep dives (31), so an acute stress response triggered by sonar signals has been proposed can result in gas embolism.

To study the role of the pathologies or anthropogenic threats in PMP production alterations the first step is to set up an assay for PMP detection. In the realm of marine mammals, the requisite methodology for analyzing PS exposure, MP formation, and detecting MP levels had not been fully developed. There is only one study on Steller sea lions that examines the measurement of blood microparticles to understand their correlation with decompression stress (13). However, our study specifically targets PMP since they constitute the predominant type in the bloodstream. Our group employed a flow cytometric technique utilizing an anti-human CD41 antibody, previously established and described in our prior research involving bottlenose dolphins, beluga whales, walruses, sea lions, and seals (32), the binding of the antibody to platelets is demonstrated not only by the morphological characteristics of the CD41+ events but also by their physiological response to the platelet agonist, showing the changes in annexin V exposure and production of PMP (32).

PMP hold promise as potential indicators of several diseases such as rheumatoid arthritis, thrombocytopenia or arterial thrombosis among others. It may also help to elucidate the pathophysiology of the alterations that occur during decompression processes in marine mammals, especially in captured or stranded animals. The primary challenge with these wild animals is accessing their blood when they are stranded, as they are often dehydrated or appear dead. This poses a significant problem as it is difficult to obtain a sufficient quantity of blood, or none at all in the case of dead animals. Additionally, another challenge is the necessity to process the blood samples within a narrow timeframe of 3–4 h, complicating the organization of the experiment. On the other hand, it provides a novel avenue for investigating platelet function in these species. Assessing real-time PS exposure and PMP production could potentially benefit veterinary practices in aquariums and research of marine mammals. In this work we present a pilot study on the effects of aspirin on the PMP production of dolphins, demonstrating the usefulness of the assay in the research on physiology and toxicological approaches in these species.



2 Materials and methods


2.1 Animals and samples

To carry out the study, 11 samples were obtained from 11 bottlenose dolphins (Tursiops truncatus; 1 sample per animal), 11 samples from 3 beluga whales (Delphinapterus leucas), 12 samples from 3 pacific walruses (Odobenus rosmarus divergens) and 4 samples from 4 Patagonian sea lions (Otaria flavescens; 1 per animal). All the animals inhabit Oceanogràfic Aquarium of the City of Arts and Sciences (Valencia, Spain) except two sea lions from Mundomar Aquarium (Benidorm, Spain). The samples were analyzed to evaluate PMP blood levels and real time PS exposure and release of PMP after activating the platelets with an agonist. All the experiments were approved by the Animal Care and Welfare Committee of the Oceanogràfic and Mundomar Aquariums (Reference: OCE-6-17).



2.2 Blood sampling

We collected 1 mL citrated whole blood from healthy animals that had been all previously trained to cooperate voluntarily with trainers and veterinarians for blood collection. In cetaceans, blood samples were drawn from a vein on the ventral surface of the caudal fin, while in pinnipeds, blood was obtained from interdigital veins on the caudal flippers. Specific equipment was utilized for blood sampling in both pinnipeds and cetaceans. This included a 21G gauge size Butterfly needle known as Venofix®, manufactured by Fa. Braun, which is commonly employed. Furthermore, single-use syringes with 10 mL capacity from Covetrus were used for blood collection in both pinnipeds and cetaceans. These syringes are designed for one-time use, ensuring sterility and minimizing the risk of contamination during the blood sampling process.

Samples were analyzed in the Cytomics Laboratory at the Príncipe Felipe Research Center (CIPF, Valencia, Spain) within 2 h after being obtained.



2.3 Reagents and solutions

Antibody CD41 PE, clone P2 was from Beckman Coulter (Cat. No: A07781). Annexin V was from the Annexin V-FITC / PI Kit, Miltenyi Biotec, (Order no. 130–092-052). Calcium ionophore A23187 (Merck, Cat No: C7522-1MG) was prepared at 10 mg/mL in DMSO, aliquoted and stored at −20°C. Modified Tyrode’s Buffer was home prepared using 137 mM NaCl, 2.8 mM KCl, 1 mM MgCl2, 12 mM NaHCO3, 0.4 mM Na2HPO4 and 10 mM HEPES, adjusted to pH 7.4 and stored at 4°C. Before starting each experiment, 0.35% Bovine Serum Albumin (BSA) and 5.5 mM glucose were added to the buffer and kept at room temperature until use. Annexin binding buffer was a modified Tyrode’s Buffer enriched with 0.22 mg/mL CaCl2.



2.4 Sample staining

Citrated whole blood was diluted 1:10 in Modified Tyrode’s Buffer. Then, 100 μL of the dilution was incubated for 10 min with 20 μL of the CD41-PE anti-human antibody, 2 μL of Annexin V-FITC and 150 μL of Annexin binding buffer at 37°C and 5% CO2. After that, 2 mL of Annexin binding buffer was added to each tube. Finally, 500 μL of the suspension was dispensed into an Eppendorf microtube for its acquisition on the flow cytometer.



2.5 Flow cytometry setup

The experiments were performed on a CytoFLEX S Flow Cytometer (Beckman Coulter, United States) using the cytometer-interfaced CytExpert software (Beckman Coulter, Californa, United States).

The flow cytometer was set up to measure Forward Scatter signal (FSC), Violet Side Scatter signal (VSSC), Annexin-V-FITC fluorescence (FL1, exc 488 nm/em 525 nm), CD41-PE fluorescence (FL10, exc 561 nm/em 585 nm) and time. To optimize the detection of PMP, we used the SSC signal from the violet laser (405 nm, VSSC), since this signal facilitates the amplification of the differences in the refractive indices between the particles and their surrounding medium. The trigger used for PMP assessment was VSSC-Height, with a threshold in 40,000. All the signals were acquired in logarithmic amplification. Data analysis was performed using CytExpert Software (Beckman Coulter) and FlowJo™ v10.5.3 Software (BD Life Sciences).


2.5.1 Real time PS exposure and PMP production evaluation stimulating platelets with calcium ionophore A23187

A protocol previously described in humans (32) was adapted and modified to marine mammals. Figure 1A shows the count of cells and time course representative of the kinetic evaluated in the study. “Baseline” region corresponds to the time before adding the stimulus until 50 s of acquisition. At this time the calcium ionophore A23187 is added to the sample while the cytometer continues aspirating the sample. “Activated” region spans from the addition of the agonist to the end point and includes the platelets that have been stimulated.
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FIGURE 1
 Analysis by flow cytometry of PMP formation stimulating platelets with Ca2+ ionophore A23187. (A) Count of cells and time course representative of the kinetics before (baseline) and after (activated) adding the stimulus (arrow). The observed periodic oscillations in the Count vs. Time graph reflect the minor variations in sampling rate provided by the peristaltic pump of this flow cytometer model. (B) From “baseline,” dot-plot CD41-PE/FSC for identification of platelets (R1), erythrocytes and leukocytes (R2) and coincident platelets erythrocytes and leukocytes (R3). (C) From “activated,” dot-plot CD41-PE/FSC changes after platelet activation with A23187. (D) From “baseline,” dot-plot CD41-PE/VSSC for identification of platelets (R1), erythrocytes and leukocytes (R2) and coincident platelets erythrocytes and leukocytes (R3). (E) From “activated,” dot-plot CD41-PE/VSSC changes after platelet activation with A23187. R1: region including platelets; R2: region including erythrocytes and leukocytes; R3: region including platelets bound to or coincident in flow with erythrocytes and leukocytes.


Platelets and PMP can be identified using the CD41-PE fluorescence combined either with FSC or VSSC signals, using size or internal complexity, respectively, as morphological indicators (Figures 1B–E). Figure 1B shows the resting platelet population identified as positive CD41 events with the smallest relative size (region R1). Erythrocytes and leukocytes are also distinguished as the larger CD41 negative events (region R2). On the other hand, R3 include platelets bound to with erythrocytes or leukocytes or coincident with them when crossing the cytometer laser. When platelets are activated with calcium ionophore 0.02 μg/mL A23187 starts the PS exposure and PMP production decreasing the FSC and CD41 signal as seen in Figure 1C. These changes can also be observed using VSSC instead of FSC as detailed in Figures 1D,E.

Kinetics of PS exposure and PMP formation after activating the platelets with A23187 were assessed following the Annexin V-FITC and FSC signals over time (Figure 2). These changes can also be assessed by identifying platelets from CD41/FSC (Figures 2A–D) or CD41/VSSC (Figures 2E–H) dot plots. Briefly, the baseline Annexin V-FITC and FSC signals were registered for 20–50 s. At this time, calcium ionophore was added to the sample in acquisition and mixed with a Pasteur pipette, while the cytometer continued aspiring the sample. Changes over time on Annexin V-FITC fluorescence intensity and FSC and VSSC signals were recorded up to 10 min.
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FIGURE 2
 Kinetics of PS exposure and PMP formation after activating Bottlenose dolphin platelets in a whole blood sample with calcium ionophore A23187. (A,E) Gating of the main platelet population on CD41-PE/Log FSC (A) and CD41-PE/Log VSSC (E) dot plots for further kinetic representation of changes over time in Annexin-V-FITC fluorescence (B,F), Log FSC (C,G), and Log VSSC (D,H) after addition of calcium ionophore A23187 50 s after the start of the run. The kinetic plots in panels B–D are gated in the platelet region defined in the dot plot of panel A. The kinetic plots in panels B–D are gated in the platelet region defined in the dot plot of panel B.




2.5.2 Obtaining numerical values of platelet PS exposure and PMP formation

The analysis was carried out with the Flowjo software using the same strategy for region selection as in the sample acquisition. Changes in Annexin V and FSC signals over time were represented in dot plots. To obtain numerical parameters, analytical regions were defined throughout the length of the plot, dividing them in five parts to evaluate the mean fluorescence intensity (MFI) of Annexin V and FSC (A to E regions) variations over time (Figure 3). In the Annexin V/Time dot plot, region A corresponds to the baseline fluorescence intensity of Annexin V-FITC in resting platelets. After stimulating with calcium ionophore, the Annexin V-FITC MIF increases, due to the externalization of PS in activated platelets. Annexin V binds to PS increasing its fluorescence. The peak of fluorescence is framed in region B. Regions C to E record the changes in PS exposure over time until 10 min of acquisition (Figure 3A). In FSC/time dot plot, region A establish the baseline platelets relative size. After stimulating with calcium ionophore, the platelets break down into PMP, so FSC signal progressively decreases over time (regions B to E; Figure 3B).
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FIGURE 3
 Quantitative analysis of Annexin-V-FITC binding and FSC decrease in whole blood platelets after activating Bottlenose dolphin platelets in a whole blood sample with calcium ionophore A23187. Five regions (A–E) were defined over the Time axis in Annexin V-FITC/Time (A) and FSC/Time kinetic plots (B) and the mean intensity values obtained with the CytExpert software. The resulting values were represented in standard kinetic graphs displaying in arbitrary units (Y-axes) the mean fluorescence intensity (Annexin-V-FITC) (C) and the mean scatter intensity (Log FSC) variations along time (D).


From these regions we propose different parameters to evaluate PS exposure and PMP production:

Focusing on Annexin-V/time dot plot, we obtained the mean of the time and Annexin V-FITC MIF (fluorescence arbitrary units, FAU) for each region (A–E). These values can be represented in a graphic (Figure 3C). From these, we calculate: Ratio between peak and baseline Annexin-V fluorescence intensity (RPB): the fold that platelet PS exposure increases after A23187 addition; differential between peak and baseline Annexin-V fluorescence intensity (ΔPB): the absolute difference in platelet PS exposure between activated and resting platelets; ratio between end-point and baseline Annexin-V fluorescence intensity (REB): the fold that platelet PS exposure remains elevated above the PS exposure in resting platelets; differential between end-point and baseline Annexin-V fluorescence intensity (ΔEB): the absolute difference between the remaining platelet PS exposure at 10 min post-activation and in resting platelets; and slope of the Annexin-V fluorescence curve from the peak to the end point (SPE): the rate of PS exposure after platelet stimulation.

In the FSC/time kinetics plot, for each region (A to E), we obtained the mean FSC and time. These values can be graphed (Figure 3D) and the slope of the line could be calculated to quantify the decrease speed of the relative size after PMP formation (SFSC).




2.6 Obtaining normal values of PS exposure and PMP formation for the different species

To obtain the values of PS exposure and PMP production in healthy individuals of the different species, we analyzed RPB, ΔPB, REB, ΔEB, SPE and SFSC in 11 dolphins (1 sample per animal), 11 samples from 3 beluga whales, 12 samples from 3 walruses and 4 samples from 4 sea lions. Calculating the mean, median, standard error (SEM), minimum and maximum for each parameter in all the species.



2.7 Application of PS exposure and PMP formation assessment in in vitro toxicological studies in marine mammals

Blood from three healthy dolphins was used for this proof of concept of the effects of aspirin on PMP production in dolphins.


2.7.1 Preparation of aspirin stock and culture medium

The final aspirin concentrations used in the assay were 0.02 μM, 2 μM, and 200 μM. Aspirin stocks were prepared each day solubilizing it as ethanol solutions at concentrations 200 times higher than those used in the assay. For each experiment, the aspirin stocks were diluted in modified culture medium obtaining the double the required final concentration (2X) per well.

Culture medium was RPMI 1640 + GlutaMAX-I (GIBCO, 61870–010) supplemented with 10 mM HEPES (GIBCO, 15630–056), 0.1 mM non-essential amino acids (GIBCO, 11140), 50 U/mL penicillin/50 μg/mL streptomycin (GIBCO, 15140–122), 50 μM 2-mercaptoethanol (GIBCO, 21985–023) and 10% bovine serum (GIBCO, 26010–074).



2.7.2 Blood treatment with aspirin

For the in vitro studies, 96-well plates were used for acute and sustained (24 h) blood treatment with different concentrations of aspirin. To do this, 50 μL of citrated whole blood, 50 μL of modified RPMI medium and 100 μL of 2X aspirin were mixed in each well and incubated up to 24 h. PMP production was evaluated at different concentrations of aspirin comparing with the non-exposed control.

On the other hand, the acute response to aspirin was also studied by exposing the blood to the compound and measuring its immediate effects, without previous incubation.




2.8 Statistical analysis

The statistical significance of the differences in PS exposure and PMP formation parameters between animals per sex, age or species, were evaluated by a t-test in Graphpad Prism 5. In the toxicological study with aspirin, the effect of the drug in the PS exposure and PMP formation was statistically assessed using t-test and ANOVA in Graphpad Prism 5.




3 Results

The use for the first time of Annexin-V as a PS marker in platelets of marine mammals was successful. The combined measurement of Annexin-V-FITC, CD41-PE, FSC and VSSC signals was useful to discriminate PMP in marine mammals, as previously described for humans (33). Platelets response to stimulation with the agonist was similar to that observed in humans too, increasing the MFI of Annexin-V by PS exposure and reducing FSC signal by PMP formation (33) (Figure 2).


3.1 Measurement of PS exposure and PMP production in stimulated platelets

The human-reacting monoclonal antibody CD41 (clone P2) was found to identify the platelets in different species of marine mammals (32), but also PMP. PMP are platelet membrane fragments that can be distinguished by their expression of CD41, PS and their low relative size. Our group has been exploring a technique utilizing flow cytometry that shows promise in distinguishing PMP in marine mammals (32).

Figure 1A shows a time course representative of the kinetic experiments performed in this work. As described in point 2.5.1 of Material and Methods, fluorescence and light scatter signals are recorded continuously up to 600 s. In our experimental setup, the Ca2+-ionophore A23187, a strong platelet agonist, is added to the sample vial 50 s after the start (arrow Figure 1A), while the cytometer continues aspirating the sample. The cytometer software allows to define two consecutive regions in the count-versus-time graph that include the events registered before (Baseline) or after (Activated) the addition of the stimulus. Such regions can be used to gate in separate plots the basal cytometric features of the unstimulated sample (panels Figures 1B,D) and the changes induced by the Ca2+-ionophore (panels 1C and 1E). With this approach, real-time monitoring of the platelet activation process is feasible.

Platelets in whole blood samples can be identified clearly by their expression of CD41, a constitutive marker of platelet membrane, and their morphological features estimated by their light scatter signature. Prior to ionophore addition, bivariate plots of CD41-PE vs. blue-laser forward scatter (Log FS, panel Figure 1B) or of CD41-PE vs. violet-laser side scatter (Log VSC, panel 1D) clearly show the cluster of individual platelets, as well as the cluster that represents the platelets that are bound-to or coincident-with other blood elements (mostly erythrocytes). More relevant to our experimental objective, the presence of circulating platelet-derived microparticles (PMP) is supported by a cohort of events characterized by decreased intensity of CD41-PE fluorescence and of either Log FSC or Log VSC, and that gradually merge into the background noise.

The bivariate plots gated in the time region post-ionophore addition allow to visualize the A23187-stimulated release of microparticles by activated platelets. Panel Figure 1D shows an average decrease of FSC intensity in the gated platelet population upon ionophore addition, accompanied of an increase in the continuum of lower CD41-PE/lower FSC events. The changes in VSSC and CD41-PE intensity (panel Figure 1E) upon ionophore addition are less straightforward. As seen in the plot, the gated platelet population maintains the average VSSC, while a continuum of CD41-PE+/higher VSSC events reaches and overpopulates the plot area where platelets bound or coincident with blood elements are expected. This observation suggests that this new population reflects the swarm effect (34) due to simultaneous laser illumination of platelets and released PMPs, amplified by the higher sensitivity of VSSC for assessing particle complexity by flow analysis (35). On the other hand, consistent with the changes depicted in panel Figure 1D, an increase in the continuum of lower CD41-PE/lower VSSC events is also observed, confirming that VSSC is also suitable for detecting PMP shedding.

Finally, it is worth to mention that the shedding of PMP induced by the ionophore explains the fast and noticeable increase in event count rate happening in the ungated kinetic plot (panel Figure 1A). As clearly seen, there is a sharp increase (approx. seven-fold) in the count rate that reflects the rapid appearance of PMP in the sample followed by stabilization of the count rate until the end of the run. This is consistent with the immediate effect of the strong platelet agonist used and shows that this assay may provide a very fast endpoint for assessing platelet functional responses associated to experimental or clinical studies of hemostasis.

Activated platelets expose PS, thus providing the procoagulant surface to which thrombin-generating enzyme complexes bind and assemble. The exposure of PS on platelets can be assessed in flow by the binding of fluorochrome-labeled Annexin V to platelets (36), while the subsequent release of PMP upon platelet activation can be monitored by the emerging of Annexin V-positive events with lower FSC or VSSC signals than the main platelet population. Since the generation of PMP by whole blood platelets induced by exposure to Ca2+-ionophore is a very fast process (Figure 1) we attempted to monitor in real time the generation of platelet procoagulant surface. To this extent, whole blood samples were stained with both CD41-PE (for platelet and PMP identification) and Annexin V-FITC (for detecting PS exposure in platelets and PMP), and then challenged with Ca2+-ionophore A23187 in the same experimental conditions as indicated for Figure 1. Again, the main platelet population was identified and gated in CD41-PE vs. Log FSC (panel Figure 2A) or CD41-PE vs. Log VSSC (panel Figure 2E) bivariate plots and the variations in Annexin V-FITC (panels Figures 2B,F), Log FSC (panels Figures 2C,G) and Log VSSC (panels Figures 2D,H) monitored by means of kinetic graphs gated-in by the indicated criteria.

As seen in Figure 2, addition of Ca2+-ionophore A23187 induced a very fast binding of Annexin to platelets, as evidenced by the time course of the kinetic plots of Annexin V-FITC versus Time (panel Figures 2B,F), which were quite similar to the time course of the Count versus Time graph in Figure 1, thus supporting that Ca2+-ionophore stimulation of platelets results in an almost simultaneous generation of procoagulant surface and PMP shedding, as expected (36). In consistence, the increase in Annexin V binding overlaps essentially in the time interval with a clear decrease of FSC signal (panels Figures 2C,G) and a less pronounced decrease of VSSC (panels Figures 2D,H). No apparent difference was observed in these kinetics regarding whether the platelet population was gated by its Log FSC (panel Figure 2A) or Log VSSC (panel Figure 2E) signatures.

In order to complete the above observations with a more accurate description of PMP generation (Figure 4), we defined two additional gating criteria, based on CD41-PE vs. Log FSC (panel Figure 4A) or CD41-PE vs. Log VSSC (panel Figure 4E) enlarged regions that could allow to track events described by their CD41-PE and Annexin V-FITC expression in a more extended range. This strategy displays better the populations of non-activated (CD41+/Annexin V-) and activated (CD41+/Annexin V+) platelets, and the cohort of generated PMP with different sizes, as estimated by their variable expression of both CD41-PE and Annexin-V (CD41var/Annexin Vvar). The CD41neg/Annexin Vneg region includes the background noise and the undetectable PMP beyond the limit of sensitivity of the flow cytometer. Although we have not made still any attempt to calibrate the size of PMP nor to quantify their abundance, we show in Figures 4B–D,F–H, the distribution of the above populations in three distinct relevant stages of the ionophore-activation experiment, namely prior to ionophore addition (baseline: 0–50 s); at the time of maximal Annexin V-FITC binding (maximal: 120–240 s) and at the final time of the run (end point: 460–600 s). As seen, at baseline most platelets are non-activated, but the presence of some activated platelets and PMP is observed. At maximal, most platelets are activated and PMP are increased, but some platelets are unstimulated or still express lower levels of Annexin V-FITC. At the end point, no resting or partially activated platelets are evident and the cohort of PMP is more abundant. As in the previous experiments, quite similar distributions were observed, independently of whether Log FSC or Log VSSC were used as gating criteria.
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FIGURE 4
 Assessment of PS exposure on platelet surface and PMP generation at relevant times after activating Bottlenose dolphin platelets in a whole blood sample with calcium ionophore A23187. The main platelet population and the continuous cohort of PMPs were gated for further analysis in the displayed regions amply drawn on CD41-PE/Log FSC (A) or CD41-PE/Log VSSC dot plots (E). At the indicated time intervals a series of CD41-PE/Annexin V-FITC dot plots were used to display the relative proportions of platelets at rest (CD41+/Annexin V- events); platelets exposing PS (CD41+/Annexin V+ events); PMP of varying size and PS (CD41 variable/Annexin V variable events) and PMP merging with background noise (CD41−/Annexin V- events) (B–D and F–H).


Our kinetic approach based on Annexin V binding and FSC variations can be made quantitative by establishing appropriate intervals in the Annexin V-FITC versus Time (Figure 3A) and the Log FSC versus Time (Figure 3C) plots and calculating the mean intensity of fluorescence and FSC signals, that can be then plotted in conventional graphs (Figures 3B,D). Such graphs allow to compare better different processes of platelet activation or to show differences among different individuals or among zoological groups. In this context, we have extended our kinetic assay, that has been set up using blood samples from bottlenose dolphins to individuals of other species of marine mammals, namely beluga whales, walruses and sea lions. As seen in Figure 5, the kinetic assay here described can be applied without any modification of the experimental conditions and cytometer settings to other marine mammals and shows quite similar qualitative behavior of platelets when challenged with the Ca2+-ionophore A23187 used for activation of bottlenose dolphin platelets.
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FIGURE 5
 Kinetics of PS exposure and FSC decrease after activating marine mammal platelets in whole blood samples with calcium ionophore A23187. (A,D,G,J) Gating of the main platelet population on CD41-PE/Log VSSC dot plots for further kinetic representation of changes over time in Annexin-V-FITC fluorescence (B,E,H,K) and Log FSC (C,F,I,L) after addition of calcium ionophore A23187 50 s after the start of the run. Plots are representative examples of the results obtained with Bottlenose dolphins (A–C); Beluga whales (D–F); Walruses (G–I) and Sea lions (J–L).




3.2 Normal values of PS exposure and PMP formation in the different species and differences by age, sex or specie

The median, standard error (SEM), minimum and maximum values for each parameter studied of PS exposure and PMP formation in bottlenose dolphins, beluga whales, walruses and sea lions are detailed in Tables 1–4.



TABLE 1 Range of values for each PS exposure and PMP formation parameters in dolphins under human care.
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TABLE 2 Range of values for each PS exposure and PMP formation parameters in beluga whales under human care.
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TABLE 3 Range of values for each PS exposure and PMP formation parameters in walruses under human care.
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TABLE 4 Range of values for each PS exposure and PMP formation parameters in sea lions under human care.
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Within the same species, differences in platelet PS exposure and PMP production were only found between cetaceans of different ages. To confirm these results, the population size should be increased.

Regarding differences by species, our findings are shown in Table 5. The fast and sustained increased in Annexin V-FITC binding is observed in dolphins’ samples (Figure 5). However, when such individual cytometric plots are transformed into quantitative standard kinetic graphs, a better comparison among the rate and intensity of the parameters reporting platelet activation is possible. Thus, the strongest expression of procoagulant surface is observed in bottlenose dolphin, while sea lion shows the lowest velocity and intensity of expression. Beluga whale and walrus have a similar behavior among them, with velocity and intensity values intermediate between bottlenose dolphin and sea lion. As for the decrease in FSC the intensity of the change is highest in bottlenose dolphin (Table 5), but sea lion and beluga whale, which have similarly smaller platelet FSC signals than dolphins, show similar rates of FSC decrease among them and compared to dolphins. Finally, walrus shows both slightly lower FSC baseline values and rate of FSC decrease. However, walruses exhibited a significantly higher end-point PS concentration than dolphins (REB).



TABLE 5 Differences in PS exposure and PMP formation between species with ANOVA (NSD: p ≥ 0.05).
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3.3 Application of PS exposure and PMP formation assessment to in vitro toxicology assays

The assay adapted in this work to measure platelet PS exposure and PMP formation has been successfully applied to in vitro toxicology studies. Specifically, aspirin had effects on both processes in dolphin platelets.


3.3.1 Acute exposure to aspirin

PMP formation rate after the stimulation with A23187 was significantly lower in the samples treated with aspirin than in controls. This is evident by measuring the speed at which the FSC signal decreases when passing from platelets to PMP. Specifically, the production of PMP was 50% ± 18.5 slower in samples exposed to 0.02 μM than in controls (p = 0.036*) and 38% ± 0.06 slower in samples exposed to 2 μM (p = 0.0006***) than in controls. At 200 μM, the speed was reduced by 40%, although not significantly, due to the high variability of the data.

PS exposure, given by changes in Annexin-V fluorescence, was not affected by acute aspirin exposure at any concentration, with no significant differences comparing to the control.



3.3.2 24 H exposure to aspirin

After 24 h of incubation, PS exposure rate after stimulation with A23187 decreased in the samples treated with the highest aspirin concentrations. Specifically, it decreased by 19.2 ± 4.6% at 2 μM (p = 0.04) and 34.5 ± 8.5% at 200 μM (p = 0.02). No significant differences were observed between the control and the sample treated with 0.02 μM (Figure 6).
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FIGURE 6
 In vitro effect of aspirin on platelet PS exposure and PMP formation in whole blood platelets of Bottlenose dolphins after activation with calcium ionophore A23187. Dose–response of PS exposure rate in whole blood platelets after 24 h of incubation with aspirin.


However, PMP formation (given by FSC signal changes), was not affected by 24 h aspirin exposure at any concentration, with no significant differences comparing to the control.





4 Discussion

Platelet-derived microparticles (PMP) constitute a predominant type of microparticles in healthy animals, released during platelet activation, stress, or apoptosis (1–3). Physiologically, these particles are typically present in the range of 100–4,000 PMPs μL−1of blood in humans depending intrinsic characteristics of the flow cytometer and the calibration strategy that has been used (4). Changes in PMP levels have been associated with various health conditions, including decompression sickness, thrombocytopenia, rheumatoid arthritis, cancer, arterial thrombosis, atherosclerosis, immune thrombocytopenic purpura, and malaria infection (1, 3, 6–10). On the one hand, elevated PMP levels are implicated in thrombus formation, while reduced levels are connected to bleeding tendencies observed in conditions like Castaman’s defect or Scott’s syndrome (3, 11).

Hence, monitoring blood PMP levels proves to be a valuable diagnostic and monitoring tool for various disorders. While some of these conditions are not extensively documented in marine mammals, this is likely due to limited available information rather than a lack of affliction. The challenges of accessing sea creatures may contribute to this data gap. Establishing a method for detecting PMP in the blood of dolphins, beluga whales, walruses, and sea lions can enhance the diagnostic tool for clinical assessments across multiple pathologies. In this work we have developed the methodology to measure in real time the exposure of PS in platelets and the formation of PMP by stimulating platelets with an agonist. Furthermore, we have carried out a pilot study to obtain normal values in these parameters in each species and enable the early detection of alterations in this process, related to different disorders, stress, pollution.

Although it is still an incipient field of study, PMP not only have been described as biomarkers of certain pathologies, but as triggers of others too (3), transporting growth factors, mRNA, microRNAs or surface receptors from platelets to other cells (37). PMP fuse with the target cell membrane and deposit the content (37), modulating multiple cell behaviors related to inflammation, immunomodulation, adaptative immunity, hemostasis, or tumor cell growth or metastasis (3). On this last case, PMP can be implicated in metastasis, but in the growth suppression of solid tumors too in mice and humans (38). They also play an important role in the course of diseases with endothelial injuries, such as some diabetic nephropaties (39) or atrial fibrillation (40), adhering to the subendothelium and stimulating the adhesion of other cells like platelets or leukocytes, leading to the formation of an atheroma and finally a local thrombus (3). In this context, PMP have been proposed as a possible therapeutic tool for the endothelium tissue repair (3). Despite this idea is already under investigation, the local application of these microparticles could be a new tool in the treatment of some vascular or brain injuries (40).

The study of PMP is expanding, revealing associations with various pathologies, and serving as enhancers, valuable biomarkers for diagnosis, and potentially even part of therapy. While much of the progress in understanding PMP is derived from research in humans and mice, this knowledge can be extrapolated to other mammalian species, including marine mammals. The initial step involves detecting PMP in their blood, utilizing established methodologies from human and mouse studies across all relevant species. In our work, we adapted this method for bottlenose dolphins, beluga whales, walruses, and sea lions. The selection of these species was intentional, given that marine mammals serve as sentinel species in marine ecosystem studies. Their considerable longevity and position at the apex of the food chain make them the ultimate recipients of numerous threats in the sea (13, 41). Using this assay in conservation studies we can also approach how different anthropogenic threats such as pollution, bycatch or maritime noise can affect the function of platelets and specifically the exposure of PS and formation of PMP.

Although the number of samples has not been too large, in this pilot study we show normal values of PS exposure and PMP formation in the different species under study, which can serve as a reference to detect alterations related to different pathologies or human impacts. From this information, we have also been able to observe that there are some differences in the behavior of platelets against A23187 between species, mainly the greater PS exposure of dolphin’s platelets comparing to the rest of the species.

The application of this methodology and establishing normal values for each species is an important novelty in the study of the physiology of these species. There is only a prior study in MP detection on Steller sea lions, specifically in connection with decompression stress (13). In this study, total blood MP levels were evaluated, using beads of known size as reference. However, no previous study in marine mammals has evaluated cell type-specific MP levels, such as PMP, or their real time formation. On the other hand, Fahlman et al. did not elucidate a way to use PMP levels as a biomarker of decompression alterations.

The relevance of decompression sickness in wild marine mammals remains under discussion. Intense stress responses at depth may compromise their adaptive diving mechanisms, potentially leading to gas embolism (26, 28). Developing a simple, non-invasive technique to assess PMP levels in marine mammals, similar to approaches used in humans (1), could significantly advance the diagnosis and understanding of decompression sickness in this taxonomic group. This advancement is crucial, especially since stranded animals often reach the coast in poor condition or deceased, and PMP detection could provide insights into their physiological status and the potential cause of stranding. Additionally, regularly assessing PMP levels in the blood during rehabilitation could offer a non-invasive means to gauge disease progression following a decompressive event. In humans, as the disease subsides, there is a concurrent decrease in PMP levels (1).

Definitely, this assay could be a diagnostic tool in processes with altered platelet function, using A23187, ADP or others as agonists. Our results show as have been explain in Results an average decrease of FSC intensity in the gated platelet population upon ionophore addition, accompanied of an increase in the continuum of lower CD41-PE/lower FSC events. These changes are compatible with a decrease in platelet size resulting from ionophore-triggered shedding of PMP from the platelet body (36). Platelets, upon activation, release components of their plasma membranes into the extracellular space, forming microparticles (MPs). It has been demonstrated that platelets release MP following activation with agonists such as collagen and/or thrombin, the Ca2+ ionophore A23187, or the complement protein C5b-9, which induces PMP formation. Therefore, our findings are consistent with previous findings regarding ionophore-induced platelet microparticle release, reinforcing the interpretation of our data in the context of research on microparticle release by activated platelets (36). The use of A23187 aids in technique development, producing abundant platelet-derived microparticles (PMP) for clearer observation. Moreover, our efforts extended beyond PMP detection, we have also adapted the methodology to study real-time platelet PS exposure and PMP formation. With this approach, functional studies across various realms, including diseases, functional toxicology, and other aspects related to the physiology and conservation of these species, can be pursued. This opens avenues to further investigate the involvement of these microparticles in different pathologies experienced by animals in their natural habitats or in aquarium settings, aiming to enhance their health, well-being and conservation. In fact, in this work we have demonstrated the usefulness of this assay in research studies, beyond its clinical application. The technique was applied to the evaluation of the effects of aspirin on PS exposure and PMP formation during platelet activation. Specifically, the effect of aspirin on PMP formation has been poorly studied previously. There are previous studies in which the inhibitory effect of aspirin on this process in humans has been documented, however in other studies no effects have been observed (42). Since aspirin blocks the binding of arachidonic acid to COX-1, inhibit its transformation into endoperoxides, which are subsequently transformed into prostaglandins and thromboxane (42). Thromboxane A2 promotes the release of calcium into the cytosol of platelets, with consequent change in shape, platelet aggregation, secretion of granules and release of PMP. So PMP formation is inhibited by aspirin.

As can be seen, the application of this assay can not only help us to diagnose and monitor pathologies in marine mammals but also opens a new field of study around the physiology of the PS exposure and PMP formation process and its alterations induced by contaminants, stress, anthropogenic threats, or diseases.



5 Conclusion

Our study on platelet functionality in marine mammals, represents a significant advancement in analytical techniques for this taxonomic group. The development and application for the first time of this novel diagnostic method, exploring PMP levels, phosphatidylserine exposure, and PMP formation in marine mammals, provide a valuable tool for diagnosing platelet disorders in these species. Our study introduces a non-invasive and gentle handling method, preserving optimal platelet function during analysis. This innovative investigation not only enhances diagnostic capabilities but also opens avenues for diverse research applications, benefiting both wild and aquarium-based marine mammals. The adaptation of these assays offers a versatile tool for various studies related to marine mammal health and well-being, addressing limitations in clinical capacities for this taxonomic group. Overall, our work lays the foundation for new diagnostic and therapeutic possibilities in marine mammal health, where clinical capabilities are often constrained.
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Multiparameter flow cytometry is a routine method in immunological studies incorporated in biomedical, veterinary, agricultural, and wildlife research and routinely used in veterinary clinical laboratories. Its use in the diagnostics of poultry diseases is still limited, but due to the continuous expansion of reagents and cost reductions, this may change in the near future. Although the structure and function of the avian immune system show commonalities with mammals, at the molecular level, there is often low homology across species. The cross-reactivity of mammalian immunological reagents is therefore low, but nevertheless, the list of reagents to study chicken immune cells is increasing. Recent improvement in multicolor antibody panels for chicken cells has resulted in more detailed analysis by flow cytometry and has allowed the discovery of novel leukocyte cell subpopulations. In this article, we present an overview of the reagents and guidance needed to perform multicolor flow cytometry using chicken samples and common pitfalls to avoid.
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1 Introduction

Flow cytometry is a routine method in immunological studies incorporated in biomedical, veterinary, agricultural, and wildlife research and routinely used in veterinary clinical laboratories, albeit not for the diagnostics of poultry disease. The tremendous expansion in immunological reagents for livestock species, especially pigs and cattle, has in part been due to the availability of cross-reactive antibodies developed in the mouse and human field of immunology, as well as dedicated laboratories developing new antibodies (1–4). Although the structure and function of the avian immune system show commonalities with those of mammals, at the molecular level, there is often low sequence homology across species and low cross-reactivity of mammalian immunological reagents. Using commercially available reagents, recent improvement in multicolour antibody panels for chicken cells has resulted in more detailed analysis by flow cytometry and has allowed the discovery of novel leukocyte cell subpopulations (5–8).

Innovations in cytometry, including traditional flow, spectral flow, and mass cytometry, are driving its use for the isolation and analysis of cells for multi-omics research. Flow cytometry and cell sorting are commonly used tools to phenotype cell populations during, for example, infections and vaccine studies, whereas sorting specific cell subsets can be further analyzed using downstream transcriptomics, including bulk RNASeq (9, 10), single cell (sc) (11–13), or single nucleus (sn) sequencing. High-resolution transcriptomics are instrumental to understand avian immunology and contributing to defining accurate biomarker signatures of diseases. Although not yet applied to avian immune cell flow cytometry and cell sorting, they can also be used for single-cell proteomics analysis (14, 15) and have been applied to analyse chicken sensory epithelium (16). The development of flow cytometry combined with omics technologies for avian research is rapidly enhancing and reviewed in Liu et al. (17). Validating scSeq data through flow cytometric analysis or immunohistology strengthens and verifies the data set, and thus a critical review of the single cell analysis should always be part of the quality control of sequence analysis (18). For example, recent studies (18, 19) demonstrated that due to little de novo mRNA production, especially avian CD4, is more difficult to detect in scSeq data, and results could be easily misinterpreted if not compared with flow cytometric CD4 staining.

The key to robust single-cell preparation is the quality of the cell sample. Sample quality is dependent on multiple steps, including the freshness of the tissue, the digestion step, either mechanical or enzymatic, and the time the preparation takes. These all affect cell viability, the amount of cell debris and aggregates, and the loss of certain cell subpopulations. The advantage of mechanical dissociation is that cell surface antigens are least affected compared to enzymatic dissociation; however, the breakdown of extracellular matrix is difficult for some tissues, such as the lung, intestine, liver, and brain, and isolation of rare cells is less likely. Different digestive enzymes, alone or in combination, can be used to break down extracellular matrix or cell–cell junction, but one method is rarely suitable for different tissues due to the large variation in cellular composition and extracellular matrix composition (17, 20). Whatever the choice of cell preparation, speed is of the essence, and awareness that changes are likely to occur should be taken into account when analysing the data. In addition, cell plasticity is widely accepted, but little is known with regard to chicken immune cells. Cells can change from one phenotype to another, for example, because the cell preparation or purification activates the cells, but also clear-cut delineation of cell subpopulations has proved challenging in livestock species (10, 21). Transgenic chickens represent a great potential to study immune cells in more detail, especially those for which few antibodies or known markers are available, increasing our capacity to distinguish different cell lineages (12, 22). In this article, we present an overview of the reagents and guidance needed to perform multicolour flow cytometry using chicken cells and common pitfalls to avoid. An overview of chicken leukocyte subsets and their delineation by flow cytometric markers is shown in Figure 1.
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FIGURE 1
 Chicken leukocyte cell lineages and their characteristic markers routinely used in flow cytometry.




2 CD45—the pan leukocyte marker

The transmembrane glycoprotein CD45 is a tyrosin phosphatase that regulates a large variety of cellular functions. In mammals, it is expressed in all nucleated cells of haematopoietic origin (23). In chickens, CD45 is expressed on all leukocytes, including thrombocytes, but absent on nucleated cells of the erythroid lineage (24). The expression of CD45 on thrombocytes is significantly lower compared to other leukocytes. Depending on the cell isolation procedure, antibody, and staining protocol used, additional distinction between B cells and myeloid cells (medium expression) and T cells (high expression) can also be observed (see Figure 2) (7). Several anti-chicken CD45 mAbs are commercially available, such as LT40 (IgM), AV53 (IgG1), UM16-6 (IgG2a), and His C7 (IgG2a) (Table 1). Alternative splicing of mammalian CD45 leads to the expression of isoforms of different lengths, which are named according to the presence or absence of exons 4 (A), 5 (B), and 6 (C) (CD45RO, CD45RA, and CD45RB, respectively) (25). Expression of the isoforms varies between cell types and subsets and depends on the cellular differentiation and activation state (26, 27). For chicken CD45, expression of different isoforms caused by alternative splicing of exons 3, 5, and 7 was also demonstrated (28, 29). Whilst the above-mentioned chicken CD45 mAbs detect all isoforms, mAb 8B1 (IgM) recognises only two different short isoforms, which exhibit different expression patterns on B cells, αβ T cells, and γδ T cells (29). As activation of γδ T cells upregulated the expression of CD45 short isoforms, a varying expression system similar to that of mammals could exist in chickens, and the mAb 8B1 would be a helpful tool for its analysis. Antibody clones recognising CD45 and other relevant surface markers for leukocyte delineation are listed in Table 1.
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FIGURE 2
 Thrombocyte characteristics: EDTA blood was processed by density gradient centrifugation (A–C,G) or slow speed centrifugation (D–F,H) and stained with anti-CD45 (16-6), followed by anti-mouse-IgG2a-FITC and anti-CD41/61 (11C3) and anti-IgG1-PE (A,B,D,E,G,H) or anti-MRC1L-B (clone KUL01, IgG1) and anti-IgG1-APC (C,F–H). Numbers in scatter plots (A,D) represent 1 = thrombocytes, 2 = monocytes, and 3 = lymphocytes; FSC/SSC profile of thrombocytes (red), lymphocytes (blue), and monocytes (dark green) analyzed with common (G) or increased SSC voltage (H).




TABLE 1 Antibodies against surface markers, which are mentioned in the text.
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3 Thrombocytes

Thrombocytes are the most common white blood cell population in the circulation of chickens, making up to ~80% of circulating peripheral blood mononuclear cells. In contrast to mammalian cells, avian thrombocytes are nucleated cells that display a variety of immunological functions, such as phagocytosis and tissue repair, and can release an array of bioactive proteins, including cytokines. The type of anticoagulants and isolation procedures affect the viability and number of thrombocytes; they can be isolated by PBL gradient centrifugation (Figures 2A–C), whilst slow spin or differential centrifugation (60–100× g) results in a major loss of thrombocytes (Figures 2D–F) (30, 31).

Differentiation of thrombocytes from lymphocytes based on morphology is difficult, although thrombocytes are slightly smaller with clear cytoplasm and more oval to spindle-shaped. Compared to erythrocytes, they are smaller and have a more rounded nucleus and an increased nucleus-to-cytoplasm ratio (32). These cellular properties present as low forward side scatter (FSC) similar to lymphocytes but a higher side scatter (SSC) than lymphocytes, whereas monocytes have a higher FSC and SSC compared to lymphocytes (Figures 2A,D,G,H).

Avian thrombocyte surface markers have been identified and facilitate experimentation using flow cytometry mAbs specific for alpha IIb beta 3 integrin (GpIIb/IIIa complex or CD41/CD61; clone 11C3), and CD45 will distinguish thrombocytes from leukocytes based on their CD45Low CD41/CD61+ phenotype (Figures 2B,E). However, CD41/61 is not exclusive for thrombocytes (33). Chicken TREM-B1 (mAb clones 7E8 and 1E9), an inhibitory receptor, is exclusively expressed in thrombocytes. The C-type lectin receptor CLEC-2 (mAb clone 8G8) (34) can be used in combination with CD8α and K1. The molecule that is recognized by mAb K1 has not been identified, but it is expressed in thrombocytes, macrophages, and monocytes. The thrombocytes can be distinguished based on size, smaller than the macrophages and monocytes, if a single cell gate is applied. In addition, thrombocytes express a CD51/CD61 integrin on their surface as well as a signaling lymphocyte activation molecule (SLAM)F4 (35), TREM-A1 (33), CD40 (36) and MHC I (37). However, these markers have to be used in a multicolour panel to distinguish the thrombocytes from leukocytes, and in addition, a marker such as SLAMF4 is only expressed in a subpopulation of thrombocytes (35). Although it has been reported that thrombocytes express MHC II mRNA (38), accurate demonstration of MHC II surface expression is lacking so far.



4 Polymorphonuclear cells

Chickens have limited numbers of eosinophils and mast cells, and the dominant polymorphonuclear cell type is the heterophil. To the best of our knowledge, no specific flow cytometry-applicable surface markers for granulocyte subsets are available in chickens. Heterophils have been reported to lack myeloperoxidase activity; however, older literature (39) and immunocytochemical staining (40) suggest there is peroxidase activity that in the future may be detected by cross-reactive antibodies. The mAbs, anti-GRL1 and anti-GRL2, stain the granules of chicken granulocytes and thrombocytes, in addition to the surface expression of these proteins due to exocytosis (41). Increased expression can therefore be detected after permeabilisation of the cells, staining both surface and intracellular GRL1 and GRL2. Surface expression of GRL2 can also be found on activated T cells (18). Heterophils also express antimicrobial peptides, including the cathelicidin CATH-2, which can be stained with a rabbit polyclonal serum (40), which in principle could be used for intracellular staining and flow cytometry. The most applicable method to detect heterophils is through a high SSC pattern and the lack of expression of B-cell, T-cell, thrombocyte, and macrophage markers in the CD45+ population. The high SSC is a consistent feature of heterophils, but the FSC pattern has been shown to be dependent on the flow cytometry equipment and the software used to analyse the data (7, 42).

Eosinophils are found in peripheral blood based on the staining of eosinophilic granules in their cytoplasm. However, chickens lack IgE isotypes and components of allergic reactions, which make it questionable if these eosinophils are functionally comparable to mammalian eosinophils. Whilst heterophils have a high SSC and low FSC pattern, eosinophils have a low SSC and higher FSC pattern (7), but a lack of specific markers hampers quantitative analysis by flow cytometry. Eosinophils have been reported to also have endogenous peroxidase activity (43), but the use of peroxidase activity in flow cytometry for chicken cells has not been demonstrated. Like eosinophils, detecting mast cells by flow cytometry is problematic due to a lack of markers. Cells containing Alcian Blue-positive granules in the lamina propria of the intestinal tract have been described (44) but the flow cytometric analysis of granulocyte subsets remains limited.



5 Natural killer cells

Natural killer (NK) cells display many different inhibitory and activating receptors that mediate a variety of functions, from the classical role of killing pathogen-infected cells to regulatory functions influencing adaptive immunity through interactions with dendritic cells (DCs) and secretion of cytokines. Chicken NK cells have been described in the embryonic spleen before the T cells enter the periphery. These cells are CD45+ and lack T-cell or B-cell-specific markers on the cell surface, i.e., surface CD3−, BAFF-R−, and Ig Light chain−, but CD3 is detected intracellularly (45). The number of NK cells in peripheral blood is low, whereas more substantial numbers can be found in tissues. Two inconsistencies in the avian NK cell literature should be highlighted before describing the recent flow cytometric data. Firstly, the mAb clone 28–4 has been used to detect chicken NK cells in the intestinal epithelium for many years, until more recently, it was shown to detect IL2Rα (CD25) (46). Therefore, although very useful in a multicolour panel, the antibody is not specific for NK cells. Secondly, chB6 has been used as a B-cell marker for decades (47). However, it is also expressed on intraepithelial leukocytes in the intestine that are CD45+ CD3− Ig Light chain− and lack markers expressed on mononuclear phagocytes (Figure 3) (44).

[image: Figure 3]

FIGURE 3
 chB6 expression on non-B cells: an IEL preparation was stained with antibodies against chB6 (AV20), TCRγδ (TCR1), and BAFF-R (2C4). Cells were gated for viable, single leukocytes. Gating on chB6+ cells (A) reveals that chB6+ cells consist of three subsets: BAFF-R+/TCRγδ− B cells, BAFF-R−/TCRγδ+ γδ T cells, and so far, uncharacterised BAFF-R−/TCRγδ− cells (B).


Many antibodies have been tested to identify chicken NK cells, but none were shown to be uniquely expressed by NK cells, as these also detect subpopulations of T cells, thrombocytes, or myeloid cells (48–51). Alternatively, they only detect a subpopulation of NK cells [reviewed in Straub et al. (52)]. Expression of receptors also varies between tissues and subpopulations of NK cells in the lung, liver, and intestinal epithelium (52). These include antibodies specific for CD56 (49) and CHIR-AB1 (53), a high-affinity IgY Fc receptor. Nonetheless, they are useful for flow cytometry in multicolour panels in combination with the lack of surface CD3, BAFF-R, or Ig Light chain staining (48). Chicken NK cells that are CD3− Ig Light chain− can express CD8αα, but the expression level alters upon activation, and expression on NK cells in peripheral blood may vary. A NK cell-like population in peripheral blood was detected, which expressed low levels of CD4, CD5, and CD11c and high levels of CHIR-AB1, CD56, and 28–4 but lacked CD3, CD8α, and chB6 (54).

To measure NK cell function, a flow cytometry-based degranulation assay can be applied that is based on the expression of CD107a (LAMP-1 or LEP100) (48). Cytotoxic activity via the perforin-granzyme pathway occurs in pre-formed lytic granules surrounded by lipid bilayers containing LAMPs that are fused with the plasma membrane. A chicken homolog of LAMP-1 (CD107a) exists (also known as LEP100), and a mAb antibody (5G10) is available, which was first used to assess the degranulation of chicken NK cells (48) and then applied to study CTLs (55). To distinguish between NK cells and CTLs, this staining must be combined with additional mAbs to exclude degranulation of cytotoxic T cells (55) and heterophils (48). More recently, flow cytometric-based staining of the release of perforin and granzyme A was developed to measure NK cell activation in ED14 embryonic splenocytes (56), but like CD107a expression, both perforin and granzyme A are not restricted to NK cells, and multicolour analysis is warranted to exclude CTLs. The lack of exclusivity is also demonstrated by perforin and granzyme A expression in the macrophage cell line HD-11 and low levels of perforin expression in the B-cell line DT-40 (56), which is in agreement with expression in human macrophages and granzyme B secretion by human B cells.



6 Mononuclear phagocytic cells

Similar to mammals, the cells of the chicken mononuclear phagocytic system (MPS) consist of monocytes, macrophages, and dendritic cells (DC). Studies into the biology of these cells using flow cytometry have focused on cells of the blood, spleen, and occasionally the liver and lung. In the blood, monocytes can be detected using the antibody KUL01, which recognises the mannose receptor C-type 1 Like B (MRC1L-B (57)). In whole blood cell preparation, monocytes are characterized by their high FSC and low SSC compared to lymphoid cells (7). MRC1L-B+ monocytes also express CSF1R and MHC class II (22, 58).

TIM4 binds phosphatidylserine, a lipid normally found on the inner surface of the plasma membrane that is rapidly redistributed to the outer cell surface during apoptosis (59). Like humans, chickens express short and long isoforms of TIM4. Hu et al. generated two monoclonal antibodies against chicken TIM4. Clone JH9 was raised against the extracellular domain of TIM4 and recognises all TIM4 isoforms, whilst clone IE12 was raised against the additional linker found in some of the TIM4 long isoforms. This clone only recognises one of the long TIM4 gene products (available through the Roslin Institute, Immunological Toolbox). Currently, there is no known functional difference between the chicken TIM4 isoforms, but differential expression at the mRNA level appears to be specific to chicken lines (60). Staining chicken leukocytes with the TIM4 mAb JH9 does not provide a distinct staining pattern in flow cytometry, and it is therefore challenging to distinguish clear boundaries between TIM4+ and TIM4− populations without correct unstained and FMO controls. However, in combination with MRC1L-B, the antibody has been useful in the identification of subpopulations of cells in chickens.

In chickens, the presence of monocyte subsets described in mammals, such as the classical CD14++ CD16− (mouse equivalent LyC6++ CD43+), the non-classical CD14++ CD16++ (LyC6+ CD43++), and intermediate CD14++ CD16+ (LyC6++ CD43++) monocytes (61), cannot be clearly defined due to a lack of antibodies against these markers. Unlike mammalian CD14, chicken CD14 is a GPI-anchored protein rather than a transmembrane protein (62). To date, no specific staining has been demonstrated for the mAb anti-chicken CD14. However, chicken monocytes can be segregated based on their expression of TIM4. MRCL1-B+ TIM4+ and MRCL1-B+ TIM4−-cell populations both express transcripts for genes involved in murine monocyte–macrophage differentiation, indicating these cells are part of a differentiation series rather than distinct subsets (63). For in vitro characterization of monocytes, cells can be enriched by their adherence to glass or plastic tissue culture plates. Studies have shown that monocytes can adhere to glass after 1 h of culture. However, nucleated thrombocytes attach to these surfaces within 30 min but these cells die within 48–72 h; therefore, monocytes cultured for shorter periods of time will be contaminated with thrombocytes (64).


6.1 Macrophages

Chicken macrophages can be universally studied in tissues by flow cytometry using the MRC1L-B antibody (9, 10, 60, 65, 66). Tissue-resident macrophages exhibit diverse functionality and can be defined based on their location in the organ. For example, in the chicken spleen, several macrophage subpopulations exist. These include periarteriolar lymphoid sheaths, resident macrophages, ellipsoid-associated macrophages, and red-pulp macrophages. The ability to segregate different macrophage subsets is difficult as specific markers for each population have yet to be identified. Splenic MRC1L-B+ macrophages universally express MHC class II, CD40, and CD80 and lack FLT3 expression (10, 67). Although mAbs against chicken CD83 and CD86 have been described, no convincing staining of mononuclear phagocytes has been demonstrated. In the liver, MRC1L-B+ macrophages can be segregated into MRC1L-BLow TIM4Hi cells and MRC1L-BHi TIM4Low and MRC1L-BHi TIM4− cells. Transcriptome analysis indicates that MRC1L-BLow TIM4Hi represent Kupffer cells, which are highly phagocytic compared to the MRC1L-BHi liver-resident macrophages (63). The TIM4 mAb JH9 stains a small population of CD3+ and Bu1+ cells in the liver and bursa, respectively (63).

Functional assays involving the assessment of phagocytosis can be integrated into flow cytometry experiments. Using commercially available fluorescent beads, which can be labeled with antigens such as LPS or inactive avian influenza virus, pH-sensitive pHrodo-labeled bioparticles, such as Salmonella or E. coli, or CFSE-labeled dead cells, can be utilized to determine the efficiency and specificity of chicken macrophage phagocytosis or effectorcytosis (10, 68–70). Performing phagocytosis assays at 4°C, a temperature commonly referred to as “on ice,” should be used to assess specific binding or adhesion of particles to cell surfaces without allowing active internalization (phagocytosis) to occur. This approach helps researchers differentiate between particles that are merely attached to the cell membrane and those that have been engulfed by the cell. It should be noted that 4°C control may not always be optimal for in vitro model antigen uptake studies. For example, 4°C control does not prevent bone marrow-derived macrophages from phagocytosing pH-sensitive pHrodo-labeled bioparticles. Instead, an actin polymerization inhibitor, cytochalasin D, inhibited the uptake of these bioparticles (70). The differential expression of surface markers, such as CD40 and MHC class II, can be an indicator of cell activation. In chickens, LPS-treated bone marrow-derived macrophages upregulate CD40 expression and downregulate MHC class II expression (71). In the chicken lung, MRC1L-B+ that phagocytosed LPS- or avian influenza-coated beads had significantly higher CD40 expression compared to cells that had taken up uncoated beads. The same study also demonstrated an increase in MHC class II expression by cells that phagocytosed LPS-coated beads (72). This observation is still to be determined for other tissue-resident macrophages, and more research is required to understand how infection alters the expression of these markers in a tissue-specific manner.

It has been well known that a small population of chicken splenic macrophages stain for chicken B-cell marker chB6 (Figure 4C) (47). Therefore, the BAFF-R mAb is a more specific reagent for chicken B cells (73). Of note, MRC1L-B may be sensitive to enzymatic digestion. To assess the impact of isolation techniques on MRC1L-B expression, researchers should examine immunohistology sections of their tissue samples to visualize the level/abundance of cells expressing the marker. Specifically, comparing the effects of non-enzymatic approaches to enzymatic methods can provide insights into how different isolation techniques influence MRC1L-B expression.
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FIGURE 4
 Enriching for splenic cDC1 cells without the FLT3 antibody. Splenocytes were stained for CD3 (CT3), chB6 (AV20), MRC1L-B (KUL01), MHC class II (Tap1), and putative CD11c (8F2). (A) Cells gated for live, single CD3−/chB6− leukocytes, the CD3− chB6− cell population can be analyzed according to MHC class II and MRC1L-B expression. (B) Amongst the CD3− chB6− MRC1L-B− MHC class II+ cells, CD11c + cDCs (green) can be addressed. (C) ChB6 (AV20) antibody stains MRC1L-B+ macrophages in the spleen.




6.2 Dendritic cells

Generally, in mammals, DCs are defined by their expression levels of MHC class II, CD11c, and co-stimulatory molecules CD40 and CD86 (74). Using this general phenotype, researchers have sought to phenotype chicken DCs in this manner by flow cytometry. Vu Mahn et al. found that MHC class II+ putative CD11c+ MRC1L-B− splenocytes express gene transcripts associated with mammalian cDC1 cells (75). The antibody against DEC-205, a marker for murine DC, was generated for chickens. Although useful in immunohistology, this antibody does not provide a strong staining pattern in flow cytometry (76). Recently, reagents against chicken FLT3, XCR1, and CSFR2 were developed, which aid to study chicken cDC without dependence on transgenic chickens (67). The anti-chicken FLT3 monoclonal, designated ROS-AV184, was found to label two cell populations in the spleen, FLT3Hi and FLT3Low cells. The FLT3Hi cells, known as cDC1 cells, lack expression of the macrophage marker, MRC1L-B, and exhibit slightly lower levels of CD45 and MHC class II expression compared to the FLT3Low cells. The FLT3Low cells express MRC1L-B, making them macrophages. If receptor–ligand interaction is of high affinity, this offers an opportunity to analyse protein expression on cells through flow cytometry with fluorochrome-labeled ligands instead of antibodies. Recently, Wu et al. demonstrated that chicken XCL1-AF647 binds to XCR1 on FLT3+ cDC1 cells. In addition, to detect CSF2R expression, a CSF2-AF647 protein was generated and found not to stain chicken cDC1 cells (67). Together, this demonstrates that chicken cDC1 cells can be distinguished by staining for FLT3 or XCR1. However, if researchers do not have mAb FLT3, DC can be enriched by including MRC1L-B, CD3, and chB6 or BAFF-R staining with MCH class II to remove T and B cells and macrophages from MHC class II+ cell population (Figures 4A,B).

The maturation status of chicken cDC1 can be defined by their expression of CD1.1 using mAb CB3 clone (77). In the blood, a majority of XCR1+ cDC1 are MHC class IILow and CD1.1Hi, whereas small subpopulations have the MHC class IIHi CD1.1Hi or MHC class IIHi CD1.1− phenotype. In the spleen, these subpopulations are present from 1 week of hatch, with the MHC class IIHi and CD1.1− cells becoming the most abundant by 2-week post-hatch. It is hypothesized that the splenic XCR1+ MHC class IIHi CD1.1Hi cDC1 is derived from the blood XCR1+ MHC class IIHi CD1.1Hi cDC1 pool that lose CD1.1 expression as they mature and develop in the spleen (12).




7 B cells

Chickens use the bursa Fabricii, a gut-associated lymphoid tissue (GALT), to expand B-cell precursors and diversify the BCR repertoire. This unique primary B-cell organ is the most striking difference to B-cell development in most mammals and causes the classification of avian B-cell development into a pre-bursal, bursal, and post-bursal phase, resulting in the discrimination of pre-bursal, bursal, and post-bursal B cells (78).


7.1 Pre-bursal B cells

The earliest B-cell-specific surface marker expressed on pre-bursal B cells is Bu1/chB6, with the first chB6+ cells becoming detectable simultaneously around embryonic day (ED) 10 in the embryonic bursa and spleen (79). As chB6 is strongly expressed at all stages of B-cell development except in differentiated plasma cells (47), it has become the most used marker for chicken B cells. The protein is a typical type I transmembrane protein with a highly glycosylated extracellular region and no recognizable similarity to known mammalian molecules. chB6 is recognized by several commercially available mAbs like AV20 and BoA1 (a cross-reactive guinea fowl antibody). It is an alloantigen with two alleles, Bu1a/chB6a and Bu1b/chB6b, which are recognized by anti-chB6a (clone L22) and anti-chB6b (clone 11G2) (80, 81). If using the allotype-specific antibodies to address all B cells, it is important to determine the presence of the alleles in the chicken line; otherwise, only a fraction of B cells might be stained.

Shortly after chB6 expression becomes detectable, pre-bursal B cells begin to express another pan-B-cell marker, the BAFF receptor (BAFF-R), recognized by mAb anti-BAFF-R clone 2C4 (73) and at ED14, chB6+ cells in the spleen are all BAFF-R+ (82).

Whilst most cells before their migration to the bursa are Ig-negative, very few pre-bursal cells have completed a productive BCR rearrangement and express surface Ig, detectable with anti-Ig Light chain or anti-IgM staining (82, 83). All pre-bursal B cells in the spleen express relatively high levels of CXCR4 and CXCR5 (82, 84); hence, migration of pre-bursal B cells can be mediated by their attraction toward CXCL12 and CXCL13L1-L3, respectively. Potentially also connected to their migratory behavior, pre-bursal B cells express sialyl-Lewis-X/CD15s but not Lewis-X/CD15 (85, 86). CD15s is a tetrasaccharide carbohydrate that is usually attached to O-glycans on the surface of cells and can mediate the interaction with selectins as the first step of leukocyte emigration from blood vessels. The chicken molecules can be detected with cross-reacting mAbs for the human molecules, e.g., mouse anti-human CD15s clone CSLEX1 and mouse anti-human CD15 clone W6D3 (85, 86).



7.2 Bursal B cells

Between ED9 and ED12, a small number of pre-bursal stem cells migrate to the bursa anlage and colonize the lymphoid follicles, where they start to strongly proliferate and diversify their BCR by gene conversion. From ED14 to 18, bursal B cells show a homogeneous expression of chB6, BAFF-R, MHC class II, CD40, CXCR4, and CXCR5 (36, 82, 84, 87, 88) and the initially small percentage of surface IgM-positive cells increases up to 50%. During their differentiation in the bursa, B cells lose CD15s expression and become CD15-positive (85, 86). Around hatch, the first B cells emigrate from the bursa into the periphery. The small fraction (ca. 5%) of emigrating cells amongst bursal B cells can be addressed as Ig Light chain+, MHC class II+, chL12+, and CXCR4Low cells (see Figure 5A) (82, 89). ChL12, or the OV antigen, is recognized by mAb 11A9. The nature of the antigen is not known, but it should always be considered that it is an alloantigen, which is not recognised by 11A9 in every chicken line (90).
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FIGURE 5
 B-cell phenotypes (A) Bursa cells from a 5-day-old bird were stained for chL12 (11A9), chB6 (AV20), MHCII (2G11), and IgL (2G1). tSNE analysis with the FlowJo plugin was performed on viable, single, chB6+ cells, clearly displaying the phenotype of bursal emigrants (arrow). Leukocytes from the blood (B) and spleen (C) were stained for chB6 (AV20) and IgM (M1). Plots are gated for viable, single leukocytes. (D,E) Recognition of membrane-bound IgY. Spleen cells were stimulated for 6 days with CD40L and IL-10 to induce B-cell proliferation and class switch. Cells were stained with anti-chB6 (AV20) to address undifferentiated B cells and anti-IgY clone G1 (D) or anti-IgY clone 4D12 (E). Plots are gated for viable, single leukocytes. (F) Immediately after isolation (blue) or after stimulation with CD40L and IL-10 for 48 h (red), splenic leukocytes were analyzed for MHC class II (2G11), CD80 (AV82), CD25 (28–4) and CD57 (HNK-1) expression. Histograms were gated for viable, single chB6+ B cells.




7.3 Peripheral B cells

Post-emigration from the bursa, the immature B cells seed B-cell areas in secondary lymphoid organs, such as the peri-ellipsoidal white pulp in the spleen or the B-cell areas in caecal tonsils. Due to the special structure of the avian spleen, there is no histological discrimination between marginal zone and follicular B cells (91) and, to date, no markers have been described that would assign splenic B-cell subpopulations. All chicken B cells are CD5+ (92) hence, CD5-based discrimination of chicken B1 and B2 cells performed in mice and with reservations in humans is not possible. Splenic B cells are quite homogeneously BAFF-R+, Ig Light chain+, MHC class II+, and CD40+ (36, 83, 93). Frequently, chB6 expression is not completely homogenous; instead, especially in the spleen, a small immunoglobulin Light chain+ fraction expressing higher amounts of chB6 and a higher FSC can be observed (Figures 5B,C) (84). The BCR on the vast majority of cells (>95%) is an IgM isotype, with very few cells expressing a class-switched BCR of IgY or IgA isotype (Figure 5B). Noteworthy, not all commercially available anti-chicken IgY antibodies stain both soluble and membrane-bound IgY. Whilst clone 4D12 works optimally for ELISA and immunohistology, it does not stain membrane-bound IgY. However, anti-chicken IgY clone G1 stains both IgY variants (see Figures 5D,E) (94).



7.4 Germinal centre B cells

In the spleen and similarly in all larger secondary and tertiary lymphoid accumulations, encapsulated germinal centres (GCs) can be identified, consisting predominantly of GC B cells. It is important to be aware that in regular spleen preparations (mincing through a strainer), GCs and hence GC B cells will not be present. The GCs strongly stick to the residual artery tree and do not pass through the sieve without further measures. Imamura and colleagues have shown that chB6+ GC B cells can be obtained when the splenic artery tree with adjacent GCs is freed of the red pulp and separately digested with collagenase (95). Large GCs with a comparatively thinner capsule, which are not attached to an artery, are found in the caecal tonsils (96) hence, caecal tonsil preparations potentially contain GC B cells. To date, no markers are available to address these cells specifically. However, next to a high expression of chB6, immunohistochemistry of GCs revealed a weak positivity for CD57 (using the cross-reactive anti-human CD57 clone HNK-1) (97). In addition, HNK-1 works in flow cytometry, and as PWP B cells are chB6+ CD57−, it could serve as a marker to identify GC B cells in cell suspensions. Indeed, despite the lack of dead cells and doublet exclusion, older flow cytometric analysis of caecal tonsil cell suspensions found a chB6high CD57+ cell population, which could readily represent GC B cells (97).



7.5 Memory B cells

As with GC B cells, due to the lack of markers, it is currently not possible to identify memory B cells by flow cytometry. Here, new techniques like single-cell sequencing of B cells from different tissues and BCR sequencing will certainly help to identify these differentiation stages and potential new markers. Interestingly, scRNA sequencing of chicken blood leukocytes has identified several different B-cell subclusters (18). Though these have so far not been functionally assigned, it highlights the great value of this technique to identify chicken B-cell subpopulations.



7.6 Plasma cells

Histologically, plasma cells, the final differentiation stage of B cells, can be identified by their typical morphology with a cartwheel nucleus structure. They have been identified in the spleen and in mucosa-associated lymphoid tissues (HALT, BALT, and GALT). Immunohistochemistry has also shown that in contrast to all other known chicken B-cell stages, plasma cells do not express chB6 or show only very weak staining (47). Downregulation of chB6 has also been shown by flow cytometry when B cells were differentiated toward a plasma cell phenotype in vitro by the presence of CD40L (93). Based on single color immunohistochemistry, it is also suggested that splenic plasma cells express CD57, and basic flow cytometry revealed a small population of large cells in the spleen and caecal tonsils expressing chB6low CD57+ (97). However, this observation should be verified with further experiments, including additional markers. A rich source for plasma cells may be the Harderian gland, a lacrimal gland in the eye orbit. The gland reacts to intra-ocular vaccination, and it is described that leukocytes, including those with a plasma cell phenotype, can be isolated from the gland (98–101). Immunohistochemistry of the gut reveals a multitude of IgA-positive plasma cells in the lamina propria (LP), and with enzymatic digestion, it is possible to isolate IgA surface-positive cells (98).

Another approach to identify B-cell differentiation stages could be staining for transcription factors. Two key transcription factors for plasma cell differentiation are IRF4 and Blimp1/PRDM1. Whilst IRF4 induces plasma cell differentiation by directing immunoglobulin class switching, proliferation, and survival, BLIMP1 acts as a transcriptional repressor that represses B-cell features (102). For the rat anti-human-IRF4, clone 3E4 cross-reaction with porcine cells has been demonstrated (103) and preliminary data suggest cross-reaction with chicken cells (personal communication, Dr. W. Gerner). At least for one anti-Blimp1 antibody (mAb rabbit anti-human Blimp1, clone C14A4), cross-reactivity with the chicken protein in Western blots was demonstrated (104), and in mammals, this antibody was used in flow cytometry.



7.7 Post-bursal stem cells

In contrast to mammals, where B-cell production in the bone marrow can be a lifelong process, the bursa Fabricii, and hence the chicken’s primary B-cell organ, involutes with sexual maturity (78). As analysis of older birds and studies with bursectomised birds have clearly shown the establishment of a bursa-independent dividing B-cell pool post-hatch, it is postulated that after bursa involution, the peripheral B-cell pool is maintained by post-bursal stem cells (89). Whilst after bursal emigration all B cells are chL12+, with increasing age, a chB6+/chL12− B-cell population becomes detectable in the spleen, which might represent these cells (105). As chL12 detects an alloantigen, it may not be useful for birds lacking the allele. With the availability of new techniques and markers, these cells can now be further analyzed.



7.8 Activation markers

As antigen-presenting cells, all B cells are MHC class II+, but CD40L stimulation and mimicking T cells help further increase MHC class II (93). Whilst freshly isolated B cells from bursa, PBL, and spleen are CD80−, in vitro activation of B cells leads to strong upregulation of CD80 and also strongly increases CD25 expression (106, 107). As mentioned, regular spleen cell preparations do not contain GC B cells, so it is possible that, like human B cells, CD80 is a marker for activated and dividing chicken GC B cells. Up to one-third of freshly isolated splenic B cells are already CD57+ (97). This fraction is doubled by in vitro stimulation. Overall, activation of B cells can lead to an increase in already existing marker expression on all cells (MHC class II, CD25), complete de novo expression on a subset of B cells (CD80), or expression on an increased fraction of cells (CD57) (Figure 5F).




8 T cells

T-cell progenitors in the bone marrow express several markers like c-kit, HEMCAM, BEN, αIIbβ3, ChT1, MHC class II, and CD44 (108), and they colonize the thymus in three waves (first from paraaortic foci starting at ED6, second at ED12, and third at ED18, the two latter from bone marrow) (109). Embryonic thymocytes expressing the TCR γδ can first be detected around ED12, whereas cells expressing TCRα/vβ1 are not present until ED15 and TCRα/vβ2 around ED18 (110, 111). As in mammals, avian extra-thymic T lymphocytes all express the T-cell marker CD3. The common commercial antibody clone CT-3 recognises an extracellular domain of the chicken CD3 molecule (112). However, CT-3 staining may or may not give optimal separation between negative and positive populations, especially in whole blood. Moreover, even in isolated PBMCs, the staining can be influenced by, e.g., the chicken breed or cell activation status (7). In addition to CT-3, commercial anti-human CD3ε (clone CD3-12) antibodies exist where cross-reaction with chicken CD3 has been shown for intracellular staining (113). Reports exist on CD3 polymorphism, and another anti-chicken CD3 antibody, clone AV36, supposedly recognises a variable epitope and did not bind to splenocytes from the NARF C.B12 (B12 haplotype) inbred chicken line (114), whereas clone CT-3 could detect C.B12 splenocytes. In addition to CD3, avian T-cell subsets can be defined according to the expression of T-cell receptor variants. Avian homologs of the mammalian γδ and αβ TCR exist, but two variants of the latter were shown to differ in the variable regions in the β chain [encoded by either Vβ1 or Vβ2 genes (115)].


8.1 αβ T cells

Avian T-cell subsets expressing the variants of the αβ TCR can be identified by staining with the commercial clones TCR2 (TCR αVβ1) and TCR3 (TCR αVβ2), respectively (116). TCR2+ and TCR3+ subsets differ in ontogeny and tissue distribution, with TCR2+ cells in general being more abundant than TCR3+ cells (117). Functional differences between TCR2+ and TCR3+ subsets are poorly described, but interestingly, TCR2+ cells but not TCR3+ cells migrate to the chicken intestine, hence being of importance to mucosal IgA production (118, 119). Several subsets of αβ T cells can be identified by staining for the co-receptors CD4 and CD8 (120). As opposed to chicken CD4 and CD8β, the chicken CD8α gene is polymorphic (121). Several antibodies exist (CT-8, 3–298, EP72, AV12-14) recognising chicken CD8α, but the 3–298 clone may be superior in being the only commercial reagent recognising the majority, if not all, of CD8α variants (122). In contrast to CD8α, only a single commonly used CD8β antibody exists (EP42). Within the αβ T-cell population in, e.g., peripheral blood, the following subsets exist: CD4+ CD8αα+, CD4+ CD8αβ+, and CD4− CD8αβ+, in addition to the less well-characterized subsets of CD4− CD8αα+ (123) and CD4+CD8αβ+ cells (124).



8.2 Cytotoxic T cells

Chicken cytotoxic T lymphocytes (CTL) recognize peptides presented by MHC I molecules and show cytotoxic activity (125, 126). Interestingly, CD3+CD8+ cells in peripheral blood usually express the CD8αβ isoform, but a CD8αα-positive subset also exists and may expand, e.g., during viral infection (127). A common CTL assay in mammals is based on the detection of transient expression of lysosomal-associated membrane glycoproteins (LAMPs) on the cell surface. Cytotoxic activity via the perforin–granzyme pathway occurs in pre-formed lytic granules surrounded by lipid bilayers containing LAMPs that are fused with the plasma membrane. Hence, the LAMP-1 (CD107a) degranulation assay described above can also be used in studies of chicken cytotoxic T cells. Within the αβ T-cell population (αVβ1+ splenocytes), both CD8αα+ and CD8αβ+ showed potential to degranulate in vitro upon phorbol myristate acetate (114).

In addition to the granzyme/perforin killing pathway, evidence exists of a Fas/FasL pathway in chickens (128) and an anti-human FasL antibody (CD178, clone SB93a) was shown to cross-react with the chicken FasL by immunohistochemistry (129) but its suitability for flow cytometry is to be determined. A common parameter reported in relation to CTL responses is the production of IFN-γ. A number of monoclonal antibodies directed against chicken IFN-γ exist. Some only recognize the recombinant protein they were raised against, and others perform well in ELISA but are not suited for flow cytometry. Induction of IFN-γ production in splenocytes or PBMC by mitogens or specific antigens is reported to be detected by using antibody clones: 2B7, 11G5, 7E3, 12F12 (130, 131), mAb80 (132), and a rabbit polyclonal anti-chIFN-γ reagent (133). Clones 12F7, 12D4 (130) and EH9 (134) seem less suitable for intracellular staining (ICS) and flow cytometry. The anti-chicken IFN-γ antibody (clone 5C.123.02/08) from the commercial chicken IFN-γ Invitrogen ELISA kit works for intracellular staining (ICS) of the recombinant protein expressed by CHO cells (133). However, although some report staining of the native protein using these antibodies, others observe only weak staining with the ELISA reagents (135) or fail to reproduce even a dim signal (136). Additional clones MT6C2 and MT7C1 from Mabtech, as well as four Chinese clones, were found not suitable for ICS (136, 137). Unfortunately, the two superior antibody clones for intracellular staining and flow cytometry, mAb80 and 5G11, are not commercially available.



8.3 T helper cells

Several reagents recognising chicken CD4 are available, e.g., the clones CT4, EP96, AV29, and 2–35. In other species, CD4 may also be expressed by monocytes, but this is not the case in chickens (138). However, a small CD3− CD4+ NK population (with slightly higher FSC/SSC than resting lymphocytes) is sometimes identified in peripheral blood (54) and hence at least TCRαβ or CD3 in combination with CD4 should be used to identify chicken Th cells. Interestingly, some lines of chickens have a high abundance of CD4+CD8+ double-positive TCRαβ+ lymphocytes, and there is a genetic influence on levels in peripheral blood but not necessarily in the intestine (121, 123, 138). The double-positive subset exists either as CD4+CD8αα+ or CD4+CD8αβ+ with a dimmer CD8 signal than CD4− CD8+ cells (127); hence, using bright fluorochromes for CD8 detection is crucial to obtain good separation between CD8−, CD8dim, and CD8Hi subpopulations (Figure 6).
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FIGURE 6
 Demonstration of CD4/CD8 double-positive cells is affected by the choice of fluorochrome and the individual animal. PMBCs from adult birds were stained with TCRγδ (TCR1), CD4 (CT-4), and CD8α (3–298), and plots are shown for viable singlets and TCR1− lymphocytes. (A) Chicken with high level of peripheral CD4 + CD8+ cells and (B) a low level of double-positive cells. (C) Chicken with high level of CD4 + CD8+ cells, which is not picked up by the less bright APC-Cy7 staining of CD8α.


In mammals, major Th subsets can be differentiated by intracellular staining for the transcription factors T-bet (Th1), GATA-3 (Th2), RORγt (Th17), and Foxp3 (Treg). To the best of our knowledge, no reagents are available for staining important chickens Th transcription factors, despite the obvious value of developing such reagents for flow cytometry. The success rate of identifying cross-reacting mammalian reagents is generally poor for chicken surface markers (139, 140), but for highly conserved intracellular proteins such as transcription factors, the chances may be higher. However, testing of two widely used anti-murine Foxp3 clones, FJK-16 s and MF-14, proved they were unsuitable for Foxp3 detection in chicken cells (141).

The basic Th1 response system appears to be conserved in chickens (142), and CD4+ cells producing IFN-γ are often interpreted as Th1 cells. Indeed, the Th1/Th2 paradigm was early on made probable through gene expression analysis of tissue from Newcastle disease virus and Ascaridia galli, infected chickens, respectively (143). However, flow cytometry studies addressing production of multiple cytokines and linking Th1 or Th2 profiles to, e.g., TCR αVβ1 or TCR αVβ2 expression are still missing. The limited quality of the chicken cytokine antibodies is often a problem that has inspired the use of alternative methods such as identification of intracellular cytokine RNA by the PrimeFlow™ system (130).

Putative chicken regulatory T cells that can suppress T-cell proliferation in vitro were identified by co-expression of CD4 and CD25 (144). However, the CD4+ CD25+ population includes other subsets than just Tregs. More recently, FOXP3 was identified in the chicken genome, and Foxp3 mRNA was shown to be abundant in CD4+ CD25+ in contrast to CD4+ CD25− subsets in the spleen and caecal tonsils (141). The gene expression studies identified two CD4+ CD25+ subsets where the cells expressing high levels of IL-10 and Foxp3 were suggested as mature Tregs, whereas cells expressing low levels of IL-10 in combination with IL-2 were rather activated Th cells (141). Staining with CD4 and CD25 will hence provide a mixed population, and the production of chicken Foxp3 antibodies is expected to give better opportunities for studying Treg subsets in the future. Several chicken CD25 antibodies exist where AV142 and the bivalent human recombinant Fab AbD13504 are widely used. In addition, clones like 6C9, chCD25-32, and chCD25-54 exist (145), as well as 28–4, which was originally described as an NK cell marker but later identified as recognising CD25 (46).

Various in vitro and in vivo models have shown chicken IL-17 mRNA gene expression and suggested the presence of Th17 cells (146–149) but only recently have monoclonal antibodies useful for ICS been developed, namely the 1E7 clone recognising IL-17F (with slight cross-reactivity to IL-17A) and the two IL-17A-specific clones 9F11 and 10D5 (150). The IL-17 antibodies were all able to stain a small population of CD4+ splenocytes upon PMA activation. The 10D5 clone was furthermore used to show that IL-17A was primarily expressed by CD3+ CD4+ T cells in the spleen and PBMC, but staining of smaller subsets of γδ T cells was also evident (151). Interestingly, IEL staining patterns were slightly different with IL-17A+ cells largely CD4−, CD8−, and TCR1− but for the most part expressing CD3 and CD25 (150). In addition, the same antibody was used to show weak signals of IL-17A in lung T-cell populations (131).



8.4 γδ T cells

The commercially available antibody TCR1 recognises the TCRγδ variant, and hence all TCR1+ cells are actually γδ T cells (111). However, whether all γδ TCRs indeed express the TCR1 epitope is still not proven but might be solved in the near future with the availability of new TCR sequencing protocols (152). As shown by frequency within a lymphocyte gate, γδ T cells are abundant in peripheral blood, immune organs, and bone marrow, and a CD8+ subset is often seen in the lung and spleen (137), as well as in the intestinal mucosa (153). In the intestine, γδ T cells are present both in the intraepithelial and the lamina propria areas, and interestingly, in addition to the CD4− CD8−, CD4− CD8αα+, and CD4− CD8αβ+ populations, the presence of an additional small CD4+ CD8− population has been suggested. The CD8+ population has received much attention and has been reported as being slightly larger in size and more prone to activation by mitogens (154). Interestingly, chB6-positive intraepithelial lymphocytes in the small intestine contain a population of TCR1+ cells, as shown in Figure 3.

Some molecules are differentially expressed between γδ T cells and αβ T cells but cannot be used as unique lineage identifiers. For example, CD5 was shown to be expressed on virtually all CD4+ αβ T cells and on the majority of γδ T cells, but the mean fluorescence intensities were low/intermediate on the γδ T cells isolated from spleen and peripheral blood (92). The CD5 antibody clone 2–191 unfortunately appears to be discontinued. CD28 is another molecule expressed on virtually all CD4+ αβ1 T cells but is absent from the majority of γδ T cells; however, by using the clone MoAb 2–4, a small subset was found to be CD28+ (mostly CD8α+ but also a minor CD8− population) (155). The clone used by Koskela et al. may no longer be accessed, but clone AV7 recognises CD28 and is commercially available (156).

Data from scRNA-seq suggest the presence of multiple γδ T-cell subsets that may represent either phenotypic subsets or differentiation and activation states (18). A range of molecules may be differentially expressed by various γδ T subsets, but a comprehensive multiparameter immunophenotyping study has not yet been published. As the percentage of TCR1+, TCR2+, and TCR3+ cells does not completely add up to 100% of the CD3 population, there may be a small yet unidentified T-cell subpopulation. Hence, interesting surface marker antibodies for a future multiparameter staining panel may include TIM4 (ROS-JH9 (60)), SLAMF4 (8C7 (35)), CD25 (AbD13504 (157)). Moreover, chicken γδ T cells have the ability to secrete a number of cytokines such as IFN-γ, IL-17A, IL-6, IL-10, and IL-13 (151, 158, 159), and including cytokine staining in multiparameter staining is of value to characterize various γδ T-cell subsets.



8.5 T-cell activation and memory cell markers

Extensive knowledge about T-cell activation and memory cell markers is still lacking in the avian research field. In mammals, activated proliferating T cells express several molecules that are expressed to a lesser extent or even absent on resting cells, including various chemokine receptors, adhesion molecules, co-stimulatory molecules, and MHC antigens (160). The same appears to be the case for chicken lymphocytes, but most of the published data include observations made using in vitro polyclonal/mitogen-stimulated cells rather than in vivo activated cells from infected animals. For example, in vitro ConA-induced T-cell proliferation of PBMC confirmed CD25 and MHC class II as T-cell activation markers for both CD4+ and CD8α+ cells and CD28 only for CD8α+ cells when looking at activation marker-positive frequencies of cells (6). Interestingly, most of the tested putative activation markers (e.g., CD44, CD45, CD25, and CD28) showed increased surface expression (mean fluorescent intensity, MFI) over time, whereas the MFI of MHC class II was upregulated only 24-h post-stimulation, followed by MFI downregulation, especially in CD8α+ T cells, where the MFI stayed below baseline from 48- to 96-h post-stimulation.

In mammals, constitutive expression of MHC class II is confined to professional antigen-presenting cells, including DCs, B cells, monocytes, and macrophages, and upon activation, MHC class II expression (all isotypes) is also seen on the surface of T cells in various species except in mice (161). The Naghizadeh chicken PBMC study mentioned above (160) showed virtually no MHC class II expression pre-stimulation, but 24-h post-stimulation, it was readily induced in 20–25% of the CD4+ and CD8α+ cells. Although the CD8α+ antibody would have picked up a small subset of γδ T cells, the majority of γδ T cells (CD8−) were excluded from the mentioned study. Interestingly, others have reported that the majority of γδ T cells in peripheral blood express MHC class II even in a resting state, and increased MFI was shown in an in vivo experiment where chickens were provided high doses of Ulvan in their drinking water (162). CD25 is constitutively expressed on a subset of γδ T cells but is also described as an activation marker because frequencies of CD25+ cells within the γδ T population are increased upon activation with, e.g., Salmonella and Eimeria (124, 157). Furthermore, chickens immunized with the model antigen mycobacterial purified protein derivative or Mycobacterium tuberculosis sonicate showed increased frequencies of CD28+ γδ T-cell frequencies combined with increased surface expression of CD28, CD5, CD25, and MHC class II (155).

CD57 (clone HNK-1) has been identified as a B-cell activation marker (44, 97, 163, 164). We have shown higher degranulation of CD57+ CTLs than of CD57− CTLs, which supports CD57 as chicken T-cell activation marker (165). Furthermore, frequencies of CD57+ cells increase within both αβ and γδ T-cell populations in PBMC stimulated with mitogens or anti-CD3 (T. Dalgaard, manuscript in preparation). Several additional potential activation markers are available, but their expression on activated chicken T cells is poorly characterized. Examples include CD276 (AV95/EH7), CD30 (AV37 (166)), CRTAM (8A10 (167)), and GITR (9C5 (168)). In addition to activated T cells, chicken memory cells are also poorly defined in terms of phenotypes. Despite the fact that different CD45 isoforms exist (29), the equivalents of CD45RA and CD45RO have not been identified in chickens. CD127 is the α chain of the IL-7 receptor, and in mammals, it is differentially expressed depending on T-cell differentiation state (naïve, effector, memory) (169). A monoclonal antibody against chicken CD127 exists (clone 8F10E11) and was used to show that the majority of CD4+ cells in the peripheral blood and spleen of healthy animals expressed CD127. In contrast, only 10–60% of the CD8α+ cells expressed CD127, and the frequency declines with age (170). To establish the value of this marker for the discrimination of T-cell differentiation stages, CD127 staining must be further investigated, e.g., on tetramer-positive cells and in conjunction with other activation or memory cell markers. In other species, CD44 expression is higher on effector and memory T cells as compared to naive. This is not yet established for chicken cells, although some studies suggest increased CD44 expression in the memory stages of in vivo vaccine or challenge experiments (5, 171).



8.6 Antigen-specific T cells

To evaluate host–pathogen interaction and vaccine responses, it is important to understand the role of antigen-specific T cells. Few avian MHC multimer flow cytometry reports exist (172, 173) and the reagents are not commercially available in various MHC–peptide combinations as they are for human and mouse models. Hence, most analyses of avian T-cell biology have relied on proliferation, degranulation, or cytokine detection in PBMC or splenocytes after antigen re-stimulation in vitro/ex vivo for quantitative and qualitative studies of antigen-specific T-cell responses. Interestingly, a subset of activation markers in mammals are exclusively expressed by T cells activated via MHC–TCR interaction, like the commonly used marker CD154 (CD40L) for antigen-activated T cells in humans and mice (174, 175). Transient CD154 surface expression or intracellular expression stabilized with the secretion inhibitor Brefeldin can be exploited for enrichment of antigen-specific T cells before further analysis (176, 177). An avian orthologue of mammalian CD154 exists, and the gene was identified and a set of monoclonal antibodies named AV71-76 were generated (UK Immunological Toolbox). Initial analysis of splenocytes activated by PMA/IO showed binding of the antibodies and suggested CD154 expression on activated T cells. In this early study, it was evident that the IgG1 antibodies AV71 and AV74 bound weakly to CD154, whereas the IgG2a antibodies AV72, AV73, and AV75 showed slightly higher affinity; however, further in-depth analysis is warranted (36).




9 Pitfalls

In the current study, we have focused on the spleen and peripheral blood; hence, this is not a comprehensive overview of cell subsets found in other tissues and organs. Moreover, it is important to note that both absolute numbers and relative frequencies of cellular subsets are influenced by, e.g., chicken breed and age (7). In addition, even the same tissue can give different results with different isolation techniques (choice of enzyme, slow speed/Ficoll gradient, etc.). Careful optimisation is therefore needed for each application, with a special focus on understanding potential epitope degradation by the digest or fixation protocol in question. Moreover, fixed samples may require different gating as compared to fresh samples, as fixation may compress FSC/SSC profiles and create problems with autofluorescence, which is, e.g., very pronounced in PFA-fixed thrombocytes. Biotinylated antibodies are often used in flow cytometric experiments with chickens due to the limited choice of directly conjugated antibodies. Since avidin is a biotin-binding protein with a possible antimicrobial effect and is upregulated after stress and infection (178), appropriate controls must be included. To check for non-specific biotin binding, an irrelevant biotinylated antibody (a non-chicken target antigen) should be included. Another well-known technique that works well for mammalian samples is lysis of erythrocytes before flow cytometry acquisition. Several groups have published data where attempts to lyse erythrocytes were made, e.g., by prolonging exposure to commercial lysis buffers with suboptimal results. However, whereas this strategy may not be possible for peripheral blood, it may work for tissues such as the bone marrow, where erythrocyte content is lower. In any case, careful validation and assessment of any effect on the phenotype and function of the remaining leukocytes is necessary.

In-depth transcriptome analysis will certainly identify further subpopulations and potential markers, and flow cytometry and cell morphology will not necessarily match with them. Hence, carefully controlled cross-validation of all sources should be a prerequisite for a successful combination of all techniques.
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Flowcytometric data of intermediate-large cell gastrointestinal lymphoma presenting a gross mass in 32 cats – “let them glow in the flow”
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Gastrointestinal lymphoma is the most common form of lymphoma in domestic cats. Aggressive phenotypes are much less common but do bear and unfavorable prognosis. Immunophenotyping by flow cytometry (FCM) is not systematically performed in these patients, because of difficulties in the acquisition of suitable sample material from the gastrointestinal tract. A multimodal diagnostic approach is recommended to improve identification of subtypes targeting patient tailored therapeutic strategies. The aim of this prospective study was to present results of multicolor FCM immunophenotyping in surgically removed gastrointestinal mass and relate them with histopathology using the World Health Organization (WHO) classification and clonality PCR testing. Thirty-two patients were included. Eight cats (25%) had gastric, 23 (72%) had intestinal lymphoma and 1 (3%) had gastric/jejunal lymphoma. Intestinal lymphoma sites were represented by 18 small intestinal, 4 ileocaecal, 1 large intestinal. All gastric lymphomas were diffuse large B-cell lymphoma (DLBCL). Small intestinal lymphomas were 10 enteropathy associated T-cell lymphoma type I (EATL I), 2 enteropathy associated T-cell lymphoma type II (EATL II), 2 peripheral T-cell lymphoma (PTCL), 3 DLBCL and one DLBCL+EATL II. The most common small intestinal FCM T-cell phenotype was CD3+CD21− CD4−CD8−CD18+ CD5−CD79− in 7/10 EATL I and one EATL II. The most frequent FCM B-cell phenotype was CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ in 13/17 DLBCL and the DLBCL+EATL II. Clonality PCR results were positive in 87.5% (28/32) of all cases. No cross-lineage rearrangement was observed. IHC and FCM results agreed in 87.5% (28/32) of all cases. When all 3 methods were combined, consistent results were seen in 75% (24/32). This is the first demonstration of a multicolor FCM approach set in context to the gold standard histopathology and clonality testing results.
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1 Introduction

Lymphoma is a common neoplasia of domestic cats, affecting multiple organ systems (1). In felines the gastrointestinal tract is the most common anatomic site of manifestation (2). Low-grade small intestinal T-cell lymphoma was recently described in detail (3, 4), but aggressive subtypes bearing an unfavorable prognosis are also observed (5, 6).

Currently, the World health organization (WHO) histologic classification is the diagnostic gold standard for feline lymphoma (7, 8) requiring a full thickness biopsy specimen, which is invasive and time-consuming (9). In contrast to the dog, feline gastrointestinal lymphoma, with the stomach and small intestines as the most commonly affected gastrointestinal regions, is not routinely diagnosed with rapid tools such as flow cytometry (FCM). An important reason for this is that fine needle aspirates of sufficient quantity and quality for FCM are difficult to obtain from these sites, thus, FCM is not an integral part of diagnostic workup. For this reason, descriptions of immunophenotypic expression patterns including CD4CD8 expression are scarce.

However, the fact that feline antibodies against CD4 and CD8 are only available for FCM or frozen biopsy samples, and not for paraffin embedded material, makes this method interesting for gaining basic insights into expression patterns and to expand knowledge (3, 10).

So far four retrospective studies on feline lymphoma mentioned FCM analysis in intestinal tissue, however, no systematically collected data is available (9, 11–13).

Roccabianca et al. (11) used FCM for the first time in feline intestinal tissues characterizing the non-malignant intraepithelial compartment (IEC) and the lamina propria compartment (LPC) lymphocytes in the intestines of 22 specific pathogen free (SPF) cats. The most comprehensive retrospective overview on FCM in feline lymphoma elucidates pre-analytic factors affecting the sample quality of peripheral lymph nodes, as well as abdominal or thoracic lymph nodes and masses (9). Guzera et al. (12) retrospectively analyzed 19 FNA samples of lymphoid material and documented the immunophenotype. Thirteen lymphoma cases consisted of 6 alimentary lymphoma samples of which five were of B-cell and one of T-cell origin (12). The most recent publication reported FCM data of different anatomic sites including GI-tract but also spleen and tarsus of seven cats and six dogs (13). FCM was only used in one patient. In this recent publication, four-color staining was chosen. In the other aforementioned papers, a single- or two-color approach was used.

In summary FCM data characterizing feline intestinal lymphoma is based on 6 cases in a single color stain (12). There is no information available about provable eg CD4CD8 double expression or multicolor staining.

Herewith we present FCM results gained by a multi-color approach from thirty-two cats with GI-lymphoma. Data are presented in relation to WHO classification and PCR clonality testing obtained from identical sampling sites. Multicolor FCM might be useful for identifying different expression patterns of feline alimentary lymphoma, aiding potential future patient tailored therapeutic approaches.



2 Materials and methods


2.1 Patient selection

Inclusion criteria for this study were presence of a surgically removable lymphoma mass exclusively present in the gastrointestinal tract, which was confirmed during the staging process. Lymphoma cases with diffuse wall thickening were not included in this series.

An initial tentative diagnosis was obtained by cytologic evaluation of an ultrasound guided fine needle aspiration smear of a suspect tumor mass from cats that were presented to the Clinic for Small Animals at the University of Veterinary Medicine, Vienna, Austria, between April 2016 and January 2021. With informed owners consent for further diagnostic workup and therapy, sample material was obtained via surgical procedures in which gross gastrointestinal masses were removed completely.

Data about the 3D size of the material used for the study was documented in cm3.

The study was approved by an Ethics Committee and the Federal Ministry for Science and Research (referring number: GZ 68.205/0173-WF/V/3b/2015).



2.2 Patient material

Within 1 h of surgery, the excised neoplastic gastrointestinal material was processed. Immediately after excision the material was transferred into a 15 mL vial (Greiner Bio-One, Kremsmünster, Austria) containing 10 mL cell culture medium (RPMI, PAA, Pasching, Austria) supplemented with 10% inactivated fetal calf serum (FCS, PAA) and 100 U/mL penicillin/0.1 mg/mL streptomycin (PAA). The material was stored at 4°C for a maximum of 1 h until further processing, depending on the time of surgery. All tissue from each cat was then trimmed clean of surrounding fat and connective tissue and was cut in half. Tissue imprints were prepared for cytologic evaluation to affirm the presence of lymphoid cells in tumor material before immunophenotyping. Representative tumor mass was separately transferred into 4% buffered formaldehyde solution and prepared for histopathology and immunohistochemistry. From the neoplastic intestinal material in the cell culture medium, a single cell suspension was prepared by mincing the tissue through a sieve (mesh size 40 μm) and flushing bigger tissue parts with a syringe (BD Micro-Fine 0.5 mL Insulin syringe U-100, New Jersey, United States) using phosphate buffered saline (1 × PBS) without Ca2+ and Mg2+ (PAA). The single cell suspension was transferred to phosphate buffered saline and was centrifuged at 1300 U/min (353 g) for 6 min (Heraeus Multifuge 1 s-R, Kendro, Osterode, Germany). The cell pellet was resuspended in 1 mL 1 × PBS and was used for Flow Cytometric immunophenotyping and PCR-based lymphocyte clonality testing.



2.3 Total nucleated cell count of single cell suspension for FCM

The total nucleated cell count (TNCC) was determined by an ADVIA 2120™ (Siemens, Austria) hematology analyzer with the veterinary software setting for cats.



2.4 Cytology

Cytocentrifuge preparations with approximately 5 × 105 cells from the single cell suspensions were stained by a Romanowsky dip stain (LT-Sys Haema-Schnellfaerbung™, Labor+ Technik, Berlin, Germany). All cytologic samples were microscopically inspected by the principal investigator (BR) and a board-certified clinical pathologist (IS). Cellularity, overall preservation of cells and morphology were evaluated. Criteria for cell differentiation included cell size, amount, color, granulation and vacuolization of cytoplasm, and topography, size, shape, and chromatin pattern of the nucleus, as previously described (14).



2.5 Flow cytometry

For immunophenotyping aliquots of the single cell suspensions were labelled with anti-feline, anti-human or anti-canine cross-reactive monoclonal antibodies (mAbs) listed in Tables 1, 2. The viability dye eBioscience™ Fixable Viability Dye eFluor™ 780 (Thermo Fischer Scientific, Life Technologies, Carlsbad, CA) was used for live/dead discrimination. Cells only and corresponding isotype controls to all corresponding antibodies were used as controls. All mAbs were directly conjugated to fluorochromes. For each analysis 5 × 105–1 × 106 cells were incubated with the specific mAbs or the isotype controls for 20 min on ice. After a washing step all labelled cells were immediately analyzed in a FACSCanto II flow cytometer™ (BD Biosciences, San Jose, CA, United States). For fixation and permeabilization prior to labelling intracellular antigens, anti CD79acy and anti CD3, the IntraStain-Kit™ (Dako, Glostrup, Denmark) was used according to the manufacturers’ instructions. Combinations of monoclonal antibodies used for multi-color staining and the isotype controls are listed in Table 2.



TABLE 1 List of monoclonal antibodies used for flow cytometric phenotyping of single cell suspension from gastrointestinal feline lymphoma biopsy material including clone, isotype, fluorescent label, source and target species/cross reactivity.
[image: Table1]



TABLE 2 Antibody combinations used for multi-color flow cytometric phenotyping of feline gastrointestinal lymphoma cells.
[image: Table2]

Gating was performed for all samples using the forward scatter/side scatter (FSC/SSC) dot plot representing the size and the granularity of the cells/events. The target lymphoid population was gated, doublet discrimination was done, and the dead cells excluded by viability stain. The remaining living cells within the gate were used for the analysis of their antigen expression.

As there is no definite proved cut off published for a “monomorphic” expression pattern and a reactive pattern in FCM – in our lab we have the cut off with >90% of the gated cells showing the same expression pattern (eg all CD3+CD21− CD4−CD8−CD18+ CD5−CD79−) – as done in a former publication (12). The only reference available based on feline normal and mildly reactive peripheral lymph nodes describes a range of: CD3+ 54.81% ± 11.10%, CD5+ 57.39% ± 12.66%, CD21+ 40.42% ± 12.40%, CD79αcy+ 30.41% ± 13.49%; 30.88% ± 13.48% CD4+, 12.91% ± 6.68% CD8+ cells (19). Cases eventually presenting with <90% uniformity and subpopulations within the reported ranges were not considered as lymphomas.



2.6 Histopathology and immunohistochemistry

The formalin-fixed samples of the gastrointestinal material were embedded in paraffin (FFPE samples), cut in 2 μm sections, stained with haematoxylin and eosin (H&E) and all examined microscopically by two veterinary anatomic pathologists (AFB, TAD).

Immunohistochemistry was performed with a LabVision-Autostainer (Thermo Fisher Scientific, Fremont, United States) using the Bright Vision HRP- Polymer method. FFPE samples were cut in 2 μm sections, deparaffinized, rehydrated and pre-treated with heat in pH 6 citrate for 20 min, incubated in Hydrogen Peroxidase Block (Thermo Fisher Scientific) for 5 min and in Ultra Vision Protein Block (Thermo Fisher Scientific) for another 10 min. A polyclonal rabbit anti-human antibody against CD3 (Dako, Glostrup, Denmark; diluted 1:1000) and a polyclonal rabbit anti-human antibody against CD20 (Spring Biosciences, diluted 1:1000) was used. The samples were incubated with the primary antibodies for 30 min, and subsequently with the secondary antibodies (Bright Vision poly HRP anti rabbit IgG, Immunologic, Duiven, Netherlands) for 30 min. For visualization, DAB Quanto (Thermo Fisher Scientific) for 5 min was used and counterstained with Mayer’s haematoxylin. A feline peripheral lymph node was used as positive control.

All samples were evaluated by one experienced veterinary anatomic pathologist (AFB) and one board certified anatomic pathologist (TAD). Consensus diagnosis was performed using the WHO classification (7).



2.7 Lymphocyte clonality testing

For the PCR-based lymphocyte clonality assay, total genomic DNA (gDNA) was extracted from 5 × 106 cells of the feline tissue with 200 μL elution buffer using a commercial kit following the manufacturers’ instructions (E.Z.N.A Tissue DNA Kit™, Omega Biotech, Norcross, Georgia). Genomic DNA concentration and quality were determined using the NanoDrop 2000c™ spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) in pedestal mode. The threshold was set to 30 ng/μL with desired 260/280 ratios of 1.8–2.0 and 260/230 ratios above or equal two (2.0–2.2) (20). The gDNA samples were assayed by amplifying a 189 base pair fragment of the feline androgen receptor gene (fAR), the immunoglobulin heavy chain (IGH-VDJ) gene rearrangements with the primer sets V1F2, V3F3 and V3F4 and the T-cell receptor gamma chain (TRG-VJ) gene rearrangements with the primer sets TRG-J1, TRG-J2 and TRG-J3 (20–22). Each PCR reaction was carried out in triplicate including positive and negative PCR controls in each PCR run (20, 23).

After PCR, 10 μL of DNA Dilution Buffer (Qiagen, Hilden, Germany) were added to each PCR reaction and size separated using the QIAxcel Advanced System capillary electrophoresis analyzer with the QIAxcel DNA High Resolution Kit and the QX Alignment Marker 15 bp/1000 bp (Qiagen). The presence and size of obtained PCR products was accurately determined using QIAxcel ScreenGel Software (Qiagen). Identical PCR triplicates verified the reproducibility of the clonality patterns, which were interpreted as described previously (20, 23, 24).




3 Results


3.1 Patient material

In total, gastrointestinal material from 32 cats with feline lymphoma was collected. Samples originated from 27 (84.5%) domestic shorthair cats, one (3.1%) Maine Coon, one (3.1%) Persian, one (3.1%) Abyssinian, one Norwegian forest cat (3.1%) and one (3.1%) Siamese cat. Ages ranged between 7 months and 14 years (mean 9.1 years, median 9 years). There were 12 (37.5%) castrated males, and 20 (62.5%) spayed females. The 7-month-old patient was FeLV positive. The 3D size of the removed gross gastrointestinal masses was from 3 to 729cm3 (mean 84cm3, median 20cm3). All 32 samples were analyzed by FCM, clonality PCR and histopathology (Figure 1A).
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FIGURE 1
 Description of the 32 study patients based on a decision tree. Localizations, specific intestinal localizations, WHO classification, FCM expression patterns, clonality PCR results, LGL cytomorphology are plotted for every single patient (A). A color code clusters the different WHO entities and FCM patterns. Based on the decision tree the results are summarized dependent on the different FCM expression patterns including the respective patient number (B), on the different FCM expression patterns in synopsis with the WHO classification entities including the respective patient number (C), on the WHO classification entities in synopsis with the different FCM expression patterns including the respective patient number (D).




3.2 Anatomic site

Eight out of 32 cats (25%) had gastric, 23 (72%) had intestinal lymphoma and 1 (3%) had gastric+jejunal lymphoma. Intestinal lymphoma sites were represented by 18 small intestinal, 4 ileocaecal, 1 large intestinal.

The 18 small intestinal lymphoma sites were 4 duodenum, 13 jejunum, one ileum (Figure 1A).



3.3 Total nucleated cell count of single cell suspension for FCM

Numbers of cells harvested from sampled gastrointestinal material of 27/32 patients ranged from 0.26×107 to 49×107 cells (mean 17.8×107, median 17.4 ×107). The gated population for the FCM analyses was from 11.3 to 99% (mean 39%, median 41.8%), cells alive were ranging from 38 to 99% (mean 87%, median 71%).



3.4 Cytology

The cytomorphologic evaluation of the gastrointestinal material was performed in all 32 cases as part of inclusion into the study using FNA material and was repeated with the solid material from the surgically removed mass with cytospins and impression smears. Cytology was consistent with lymphoma in all cases. All samples showed intermediate to large size lymphoid cells with immature chromatin (Figures 2Aa+b). Morphologically inconclusive needing additional confirmation with clonality PCR prior to further diagnostics or therapy were not included. Large granulocyte lymphocyte (LGL) lymphoma was observed in 8 patients. Seven out of these eight were T-cell lymphomas. Three were in the duodenum, 4 in the jejunum and one in the ileum (Figures 1A+D).
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FIGURE 2
 Comparison between patient cytology, flow cytometry, PCR for lymphocyte clonality testing, histopathology and immunohistochemistry in feline intestinal lymphoma immunophenotyping. Corresponding cytological (a, DiffQuick®1,000x), flow cytometrical plots for Immunophenotyping (b, showing the corresponding FSC/SSC (P1), CD18/CD4, CD79/SSC, CD4/CD8, CD5/SSC, CD21/CD3 dot plots), (c, capillary electropherogram traces for IGH-VDJ and TRG (V1F1, V3F3, V3F4, TRG-J1-3) including the DNA concentration in ng/μl evaluated photometrically) clonality PCR traces, histopathological (d, H + E, 400x) and immunohistochemical (e, DAB chromogen, 200x) images are shown for 2 representative patients. In the first row (A) represents a 13y, fs ESH cat with a jejunal DLBCL showing CD3− CD21+ CD4−CD8− CD18+ CD5− CD79+ expression and a monoclonal IGH-VDJ antigen receptor rearrangement and CD20+ with IHC. In the second row (B) represents a 11y, fs ESH cat with a jejunal EATLI showing CD3+ CD21− CD4−CD8− CD18+ CD5−CD79− expression and a monoclonal TRG antigen receptor rearrangement and CD3+ with IHC. The FSC/SSC (P1) gated population is marked in blue (Ab,Bb) and is represented in the subsequent dot plots. It is chosen due to size and granularity and life / dead discrimination. The cytological images are consistent with lymphoma for each case. CD18 expression is marked in red, CD3 expression in green and CD21 and CD79 expression in light blue.




3.5 Immunophenotyping – flow cytometry


3.5.1 Immunophenotypic expression patterns


3.5.1.1 T-cell immunophenotype

The most common T-cell phenotype was CD3+CD21− CD4−CD8−CD18+ CD5−CD79− in 8 cases. Three cases were CD3+CD21− CD4−CD8−CD18+ CD5−CD79+. Three cases were positive for CD3 and CD5 but showing a variable CD4CD8 expression. One case each of these were CD3+CD21− CD4−CD8−CD18+ CD5+CD79−, CD3+CD21− CD4+CD8−CD18+ CD5−CD79− and CD3+CD21− CD4−CD8+CD18+ CD5−CD79− (Figure 1B).



3.5.1.2 B-cell immunophenotype

The dominating B-cell immunophenotype was CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ in 14 cases. One was CD3−CD21− CD4−CD8−CD18− CD5−CD79+.

Three cases did not show a definitive immunophenotypic pattern. Two were of T cell dominance with <10% B cells; most suggestive but not definitive of T cell lymphoma and one showed mixed lymphoid cells compatible with a reactive phenotype expression pattern.

From the values here these expression results of these patients were between published ranges and < 90% uniformity (12) – so they were not considered as definitive lymphomas in FCM.




3.5.2 Immunophenotypic expression based on localization

The most common small intestinal T-cell phenotype was CD3+CD21− CD4−CD8−CD18+ CD5−CD79− (Figures 1A, 2Bb) in 8/18 cases. Four are localized in the duodenum, 3 in the jejunum and one in the ileum. Two cases showed the same expression pattern except of being CD79+. All these cases were CD3+ and CD5- and were localized in the jejunum. In contrast to this, 3 jejunal cases were positive for CD3 and CD5 but showing a variable CD4CD8 expression. One case each of these were CD3+CD21− CD4−CD8−CD18+ CD5+CD79−, CD3+CD21− CD4+CD8−CD18+ CD5−CD79− and CD3+CD21− CD4−CD8+CD18+ CD5−CD79−. Of the remaining small intestinal samples, 2 showed a CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ B-cell phenotype, one was negative for all antibodies except CD79 (CD3−CD21− CD4−CD8−CD18− CD5−CD79+), one showed a mixed lymphoid cell expression compatible with a reactive flow cytometric immunophenotype and one T cell dominance with <10% B cells; most suggestive but not definitve of T cell lymphoma. These were all located in the jejunum (Figure 1A).

All 4 lymphomas located ileocaecal had the same expression B-cell pattern of CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ (Figures 1A, 2Ba).

Seven out of the 8 gastric lymphomas the same B-cell of CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ as well. One gastric lymphoma was of T cell dominance with <10% B cells; most suggestive but not definitive of T cell lymphoma (Figure 1A).

The one large intestinal lymphoma was of T-cell expression being CD3+CD21− CD4−CD8−CD18+ CD5−CD79+ (Figure 1A).

The last remaining case localized in stomach/jejunum was of the dominant B-cell pattern of CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ (Figure 1A).




3.6 Histopathology and immunohistochemistry based on localization

Small intestinal lymphomas were represented by 10 EATL I, 2 EATL II, 2 PTCL, 3 DLBCL and one DLBCL+EATL II. Within the small intestinal lymphomas, the 4 duodenal lymphomas were 3 EATL I and 1 EATL II. The 13 jejunal lymphomas were 6 EATL I, 1 EATL II, 2 PTCL, 3 DLBCL and one DLBCL+EATL II. All 8 gastric lymphomas were DLBCL.

The 4 ileocaecal lymphomas were all DLBCL. Also, the one large intestinal lymphoma (colon) was a DLBCL as well as the lymphoma located in stomach and jejunum (Figures 1A, 2d+e).

Abdominal lymph node involvement was observed by histopathology in 12/17 DLBCL, 2/2 PTCL, 3/10 EATL I, 1/2 EATL II and in the DLBCL+EATL II case.



3.7 Lymphocyte clonality testing

Clonality testing, performed in all 32 patients, showed clonality for TRG in 14 cases, with IGH-VDJ clonality in 14 samples. A polyclonal result was seen in 4 B-cell lymphoma cases. Out of the TRG clonal PCR results, 8 were monoclonal, 5 were biclonal and one was oligoclonal. The clonal IGH-V DJ cases were represented by 13 monoclonal and one biclonal result (Figures 1A, 2c).

In summary clonality PCR results were positive in 87.5% (28/32) of all cases. No cross-lineage rearrangement was observed.



3.8 Immunophenotypic expression matched with localization, histopathologic who classification and clonality PCR

The most common small intestinal T-cell phenotype was CD3+CD21− CD4−CD8−CD18+ CD5−CD79− seen in 8 cases. Seven out of these were EATL I and one was EATL II in all small intestinal areas.

Three cases were CD3+CD21− CD4−CD8−CD18+ CD5−CD79+. Two of them were EATL I in the jejunum, one was a DLBCL in the colon.

The three cases being CD5+ in contrast to the before mentioned samples were of variable CD4CD8 expression. The CD4−CD8+ cytotoxic T-cell lymphoma was jejunal EATL II, the CD4+CD8− T-helper cell lymphoma a jejunal PTCL and the CD4−CD8− lymphoma a jejunal PTCL as well.

The dominating expression pattern in the 14 B-cell lymphomas, CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ was in all except one case diagnosed as DLBCL. Localization was ileocaecal (4), stomach (7), stomach+jejunum (1), and jejunum (1). One case was histopathologically a jejunal DLBCL+EATL II.

One jejunal DLBCL lymphoma case was CD3−CD21− CD4−CD8−CD18− CD5−CD79+.

One jejunal case showed heterogeneous lymphoid cells compatible with reactive immunophenotype being diagnosed as EATL I. The two cases showing a dominant T-cell expression with <10% B cells were both diagnosed with DLBCL in histopathology. All patterns see Figures 1C +D.

A polyclonal clonality PCR result was seen in 4/32 cases representing a false negative result based on FCM and histopathology (Figure 1A). These were all DLBCL lymphoma. All other TRG and IGH-VDJ clonality results were in all cases in line with histopathology and immunohistochemistry.

IHC and FCM results were in agreement in 87.5% (28/32) of all cases. When all 3 methods were combined, consistent results were seen in 75% (24/32).




4 Discussion

This is the first report of FCM data obtained by a standardized multi-color approach aligned to WHO classification and PCR-clonality testing in cats with GI-lymphoma.

In this cohort the CD4−CD8− immunophenotype predominated in both most frequently affected small intestinal sites (duodenum and jejunum). One study investigated CD4CD8 in feline low grade intestinal T-cell lymphoma (LGITL) using IHC of frozen samples in 11 cats, predominantly with jejunal LGITL (3). Four out of 11 (36%) cases were CD4−CD8−, four (36%) were CD4+CD8− and three cases (27%) were CD4−CD8+. The more homogeneous distribution between CD4 and CD8 positivity in the latter report might be explained by the different WHO entities investigated in our dataset namely EATL I and EATL II. Nevertheless, in our cohort CD3+CD4−CD8−CD5−predominated in EATL I.

Regarding the CD4CD8 expression in physiologic feline intestinal epithelial lymphocytes (IELs) Roccabianca et al. (11) reported a high prevalence (44%) of CD4−CD8− IELs in specific pathogen free (SPF) healthy cats. In other species like the dog, comparable CD4−CD8− IEL cell populations was reported only in neonatal healthy Swiss Beagle dogs showing TCRɣδ+ and representing approximately 20% of all IELs. However, the dominant remaining (80%) TCRαβ+ IELs in these neonatal and adult Beagles did not comprise more than 10% CD4−CD8− cells (25). This fact leads to the conclusion that in the canine species a population exceeding 10% of CD4−CD8− TCRαβ+ IELs is considered atypical. To the authors knowledge there is no anti- TCRαβ/ɣδ available for FCM in cats so that a full comparison between species is currently not possible. However, cats may contain a unique IEL phenotype as described above in Roccabianca et al. (11) in IELs in SPF healthy cats regarding their CD4CD8 expression. For this reason, a predominance of this double negative population in feline intestinal FCM might indicate neoplastic disease, if confirmed by a larger body of evidence in the future. Until then clonality testing is a helpful complementary tool, because immunophenotypic dominance cannot discriminate between a clonal versus polyclonal population. In the present study all CD4−CD8− cases showed a clonal result. This fact emphasizes the necessity of a multimodal diagnostic approach and underlines the usefulness of clonality testing as an adjacent tool discriminating between reactive and malignant lymphocyte populations.

In our case series only one CD3+CD21− CD4+CD8−CD18+ CD5−CD79− helper cell lymphoma and one CD3+CD21− CD4−CD8+CD18+ CD5−CD79− cytotoxic T cell lymphoma was observed. The cytotoxic T-cell lymphoma was EATL II and the T-helper cell lymphoma a PTCL.

In the study by Freiche and colleagues 36% of LGITL were CD4+ and 27% were CD8+ (3). Again, this discrepancy is most likely caused by the different WHO entities investigated and needs further studies with an extended FCM panel including CD4 and CD8.

Nevertheless, all cases in our series showing either CD4 or CD8 positivity also expressed CD5. In contrast, all CD4−CD8− negative cases except one were also negative for CD5. In addition to that, no EATL I lymphoma showed CD4, CD8 nor CD5 positivity. All CD5 positive cases were represented by EATL II or PTCL. This finding needs further investigation because it might indicate a relation between immunophenotype and WHO entities.

Three intestinal cases (21.4%) showed double positive expression for B and T-cell antigens being CD3+CD21− CD4−CD8−CD18+ CD5−CD79+. Two of them were EATL I, and one a DLBCL.

In recent years, many groups performing diagnostic FCM in the veterinary field observed non-specific binding of neoplastic T cells to CD79αcy (W Vernau, 2021, personal communication). In dogs and in cats, non-specific binding of neoplastic T cells has been observed. Thus, CD79αcy must be considered a less reliable antibody for labelling B cells than CD21 (19). The single case of DLBCL exhibiting CD3 positivity in our case series was the only one showing discrepant results with histopathology and clonality testing being monoclonal for IGH-VDJ.

In general, CD3 is considered a reliable antibody against T-cells in many species, including domestic cats. However, an aberrant expression in this case cannot be excluded. In humans a false positive CD3 expression is reported to be related with 24–72 h storage (26). This can be excluded in our case because all samples were processed within 1 hour after surgery.

When all 3 methods, FCM, WHO classification and clonality PCR were combined, consistent results were seen in 75% (24/32). One of the 8 discrepant results is the CD3+ CD79+ case mentioned above for which an explanation for the FCM mismatch could not be identified. For the remaining 7 discrepant results reasonable explanations were found. Three cases showed low cellularity and cell viability in FCM so that heterogeneous lymphoid cells compatible with a reactive phenotype and T-cell predominance was observed. Two of them were DLBCL, one in the stomach, one in the jejunum and the remaining case was a jejunal EATL I with consistency between WHO and clonality PCR. A preanalytical problem in processing the sample is the most likely explanation. These cases are reported to underline the fact that a multimodal approach is advisable especially when clinical findings (tumor size!) indicate neoplasia.

A probably false negative PCR result is assumed in the remaining inconsistent cases as the results are overruled by histopathology as current gold standard. The false negative rate for clonality PCR was 12.5% resulting in a diagnostic sensitivity of 87.5% which is slightly below the expected sensitivity of 90% for this assay (23). All false negative cases were DLBCL lymphomas. Somatic hypermutations which can occur with B-cell neoplasia might be a possible explanation (24). All other TRG and IGH-VDJ clonality results agreed with immunophenotyping using histopathology and immunohistochemistry, thus no cross-lineage rearrangement was observed.

Regarding the B-cell immunophenotyping, the dominant expression pattern in the 14 B-cell lymphomas was CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+ in the 7 stomach, all 4 ileocaecal region, 1 jejunal and the one stomach+jejunum cases. These were all DLBCL. This agrees with FCM expression patterns for DLBCL in other species (27).

One case showing the same expression as above, CD3−CD21+ CD4−CD8−CD18+ CD5−CD79+, comprised two separate concurrent histopathologic populations; a small cell mucosal lymphoma (EATLII), superimposed by a DLBCL, confirmed with IHC. This entity is not described in the WHO but observed occasionally in feline intestinal lymphoma cases (A Durham, 2022, personal communication). In FCM and clonality PCR testing, the T-cell lymphoma population was not detected. Sampling bias for FCM and clonality PCR is the most likely explanation.

One jejunal DLBCL lymphoma case was CD3−CD21− CD4−CD8−CD18− CD5−CD79+. The solitary positivity for CD79 with negativity for the pan antibody CD18 and the reliable B-cell CD21 makes this FCM result not reliable for a B-cell type. However, DLBCL diagnosis supported by monoclonality for IGH-VDJ were proof for B-cells in this case. The loss of CD18 positivity in a B-cell lymphoma has not been described so far. This should be investigated in the future. This underlines in addition inclusion of further test in such cases.

Further studies using an extended panel of antibodies in a multi-color FCM approach are needed for better understanding of different expression patterns. Nevertheless, in the preset cohort, the frequent FCM B-cell immunophenotype in 13/14 B-cell cases seems to be more uniformly expressed within the DLBCL entity even in different sites along the GI-tract. In contrast to this, more diverse expression patterns are seen in the T-cell immunophenotype throughout the different small intestinal regions.

In general, the distribution of B and T-cell phenotype with dominance of T-cell immunophenotypic EATL I in the small intestine and B-cell FCM immunophenotypic DLBCL in gastic, ileocaecal and large intestine (colon) agrees with former reports (5).



5 Conclusion

We describe different FCM expression patterns of WHO entities in feline GI-lymphoma of different sites aligned with PCRclonality results in a cohort of 32 patients. Results are intended to provide a starting point for further research attempting to match FCM expression patterns to WHO-entities as already done in other species (28). Until more data are available a multimodal approach is still recommended.



6 Limitations of the study

A low and heterogeneous case load of 32 patients is the first limitation, which prohibited in depth statistical workup. The other limitation is the inclusion of discrepant results in some cases, which raise more questions than answers. We decided to report these findings to share our experience and stimulate further discussions.
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Activation-induced markers (AIMs) are frequently analyzed to identify re-activated human memory T cells. However, in pigs the analysis of AIMs is still not very common. Based on available antibodies, we designed a multi-color flow cytometry panel comprising pig-specific or cross-reactive antibodies against CD25, CD69, CD40L (CD154), and ICOS (CD278) combined with lineage/surface markers against CD3, CD4, and CD8α. In addition, we included an antibody against tumor necrosis factor alpha (TNF-α), to study the correlation of AIM expression with the production of this abundant T cell cytokine. The panel was tested on peripheral blood mononuclear cells (PBMCs) stimulated with phorbol 12-myristate 13-acetate (PMA)/ionomycin, Staphylococcus enterotoxin B (SEB) or PBMCs from African swine fever virus (ASFV) convalescent pigs, restimulated with homologous virus. PMA/ionomycin resulted in a massive increase of CD25/CD69 co-expressing T cells of which only a subset produced TNF-α, whereas CD40L expression was largely associated with TNF-α production. SEB stimulation triggered substantially less AIM expression than PMA/ionomycin but also here CD25/CD69 expressing T cells were identified which did not produce TNF-α. In addition, CD40L-single positive and CD25+CD69+CD40L+TNF-α− T cells were identified. In ASFV restimulated T cells TNF-α production was associated with a substantial proportion of AIM expressing T cells but also here ASFV-reactive CD25+CD69+TNF-α− T cells were identified. Within CD8α+ CD4 T cells, several CD25/CD40L/CD69/ICOS defined phenotypes expanded significantly after ASFV restimulation. Hence, the combination of AIMs tested will allow the identification of primed T cells beyond the commonly used cytokine panels, improving capabilities to identify the full breadth of antigen-specific T cells in pigs.
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1 Introduction

The identification of effector cells is a key element to understanding the contribution of T cells in immune responses. Detection of molecules or markers associated with different effector functions by polychromatic or high-dimensional flow cytometry (FCM) is one approach to detect such cells. For example, analyzing one or several cytokines can aid in the identification of Th1, Th2, Th17, or Treg cells (1). However, depending on the cytokine, release from T cells varies over time (2). In addition, for intracellular cytokine staining by FCM, the Golgi apparatus needs to be inhibited for prevention of cytokine release from the cell (3). This makes it difficult to identify all effector T cells by intracellular cytokine staining, even if several cytokines are investigated in combination.

Due to these limitations, the investigation of Activation-induced markers (AIMs), often in combination with one or several cytokines has become the preferred method in studies on human T cell responses (4–9). However, in livestock species, the use of AIMs for identification of activated T cells is limited, mainly due to restricted availability of antibodies to detect markers used for human T cells, like OX40 (CD134), 41BB (CD137), CD200 or PD-L1 (CD274). However, for other molecules qualifying as AIMs, like CD25, CD69, CD40L (CD154) or inducible T-cell co-stimulator (ICOS, CD278), either species-specific or cross-reactive antibodies are available for porcine T cells (10–14).

CD25 is the α-chain of the IL-2 receptor and is expressed on activated CD4 T cells but also regulatory T cells (Tregs); this was also demonstrated for porcine T cells (15, 16). Due to the ubiquitous expression on Tregs, CD25 expression is analyzed in combination with other AIMs in the identification of activated T cells (8, 9). CD69 is a type II C lectin receptor. For pigs, a mAb only recently became available (12) and it was shown that subsets of CD8 T cells in lymph nodes and lung express CD69 under steady state conditions (17). In human T cells, CD69 expression already peaks about 18 h after stimulation (18). The marker is frequently analyzed in combination with CD25 or other AIMs for the identification of activated CD8 T cells (8). CD40L belongs to the tumor necrosis factor (TNF) superfamily and is typically expressed by CD4 T cells following T cell receptor (TCR) stimulation but also CD8 T cells (19–21). For pigs, it has been shown that expression of CD40L correlates in CD4 T cells with production of interferon (IFN)-γ and TNF-α both after Staphylococcus enterotoxin B (SEB) stimulation and restimulation with Candida albicans, Ascaris suum and Streptococcus suis antigens in vitro (11). ICOS has been used less frequently as an AIM. For human CD4 T cells it was investigated to identify activated circulating T follicular helper cells (Tfh) (22, 23) but also total activated CD4 T cells (23). In pigs, a cross-reactive antibody to ICOS has been used to investigate invariant natural killer T (iNKT) cells in different lymphoid and non-lymphoid organs (14). In addition, ICOS expression was studied in the context of lymph node and blood-derived porcine Tfh cells (13).

Based on this, we tested combinations of antibodies against CD25, CD69 and CD40L to identify activated CD4 and CD8 T cells in pigs, using polyclonal (phorbol 12-myristate 13-acetate [PMA]/ionomycin) and oligoclonal (SEB) stimulation. The three AIMs were also combined with ICOS and tested in the context of antigen-specific restimulation, using peripheral blood mononuclear cells (PBMCs) from African swine fever virus (ASFV) convalescent pigs. Comparing expression patterns of these AIMs against TNF-α, one of the most widely expressed porcine cytokines in the context of T cell activation (24), we show that combinations of CD25 and CD69 have the capacity to identify additional antigen-specific T cells, while CD40L was largely associated with TNF-α production.



2 Materials and methods


2.1 ASFV for in vitro cultivation

The moderately virulent Estonia 2014 ASFV strain [spleen homogenate kindly provided by Sandra Blome from Friedrich-Loeffler-Institute, Greifswald-Insel Riems, Germany (25)] was used for in vitro restimulation experiments and cultured and titrated using end point dilution on bone-marrow-derived macrophages as detailed in a previous study (26). In brief, bone marrow cells were extracted from femurs of 4–6 week old outbred pigs and cultured in EBSS (Sigma) supplemented with 4 mM HEPES, 10% heat-inactivated pig serum (BioSera), and 100 I.U./mL penicillin with 100 ug/mL streptomycin (Gibco) for 3 days prior to ASFV infection to allow the differentiation of bone-marrow-derived macrophages. Mock inoculum was prepared from the same stock of uninfected cells. Virus was collected from the cells 5 days post-infection and titrated using the Spearman-Karber method of end-point dilution, wherein 50% of infected bone-marrow-derived macrophage cultures exhibited haemadsorption caused by ASFV.



2.2 Cell isolation and animals used in the study

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood by density gradient centrifugation (Histopaque-1077 Hybri-Max, density 1.077 g/mL, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). Blood for in vitro assays with PMA/ionomycin and SEB was obtained postmortem from six outbred pigs, aged 4 to 6 weeks. The animal experiment involving ASFV was conducted under the Home Office Animals (Scientific Procedures) Act (1986) (ASPA) and was approval by the Animal Welfare and Ethical Review Board (AWERB) at The Pirbright Institute. The animals were housed in accordance with the Code of Practice for the Housing and Care of Animals Bred, Supplied, or Used for Scientific Purposes. Throughout the study, appropriate bedding and species-specific enrichment measures were implemented to uphold high standards of welfare. All procedures were performed by trained and competent Personal License holders under the authority of Project License PP8739708. In detail, four female (animals AY95, AY97, AY98 and AY99) and one male (animal AY94) 12-week-old Babraham pigs were bred at the Centre for Dairy Research, University of Reading, Whiteknights, United Kingdom. The pigs were acclimatized for a week before oronasal challenge with 1,145 HAD50 moderately virulent ASFV strain Estonia 2014 in spleen homogenate. The challenge dose of ASFV was confirmed by back titration on bone-marrow-derived macrophages. Clinical signs and macroscopic lesion at post-mortem were assessed as previously described (27, 28). All animals survived the viral challenge. Heparinized blood samples were obtained from the animals 21 days post viral challenge. Following careful monitoring all pigs were euthanized using an overdose of anesthetic after reaching scientific or humane endpoints.



2.3 In vitro cultivation and FCM staining

Round-bottom 96-well microtiter plates (Nunc MicroWell Plates, Thermo Fisher Scientific, Waltham, MA, United States) were seeded with 5 × 105 thawed (PMA and SEB) or freshly isolated PBMCs (PMA and ASFV Estonia 2014) in a final volume of 200 μL/well in RPMI-1640 Medium (Sigma-Aldrich) supplemented with 100 U/mL penicillin, 0.1 mg/mL streptomycin (Gibco, Thermo Fisher Scientific) and 10% heat-inactivated fetal bovine serum (FBS, Life Science Production, Life Science Group, Sandy, United Kingdom). Cells were incubated with PMA (5 ng/mL) and ionomycin (500 ng/mL), SEB (500 ng/mL, all Sigma-Aldrich), or ASFV Estonia 2014 at a multiplicity of infection of 0.5 for 18 h. Cells incubated in cell culture medium only or incubated with mock inoculum served as negative controls. Brefeldin A (BD GolgiPlug™, BD Biosciences, San Jose, CA, United States) was added to the cultures for the final 6 h of cultivation at a concentration of 1 μg/mL. After 18 h, cells were harvested and re-suspended in staining buffer containing PBS with 3% FBS (Life Science Production). Cells were surface-stained with primary monoclonal antibodies (mAbs) directed against CD3 (PerCP-Cy5.5-conjugated, mouse IgG2a anti-pig, clone: BB23-8E6-8C8, BD Biosciences), CD4 (FITC-conjugated, mouse IgG1 anti-pig, clone: b38c6c7, Bio-Rad Laboratories Ltd., Hercules, CA, United States), CD8α (biotinylated, mouse IgG2a anti-pig, clone: 76–2-11, Southern Biotech, Birmingham, AL, United States), CD25 (AlexaFluor 647-conjugated, mouse IgG1 anti-pig, clone: K231.3B2, Bio-Rad) and CD69 [unconjugated, mouse IgG2b anti-pig, clone: 01-14-22-51 (12)]. Cells derived from ASFV Estonia 2014-stimulated cultures were additionally stained with a primary monoclonal antibody against ICOS (CD278, BV605-conjugated, anti-human/mouse/rat, hamster IgG, clone: C398.4A, BioLegend, San Diego, CA, United States). Streptavidin-BV421 (BioLegend) and goat anti-mouse-IgG2b-PE (Tonbo, Cytek Biosciences, Fremont, CA, United States) were added in a secondary staining step, to label CD8α and CD69, respectively. Dead cells were identified using Fixable Viability Dye eFluor780 (Thermo Fisher Scientific) after surface staining according to the manufacturer’s instructions. BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD Biosciences) was used following the manufacturer’s instructions by adding 100 μL per well of Fixation/Permeabilization solution to resuspended cells for 20 min at 4°C, followed by two washes with Perm/Wash Buffer (BD Biosciences). Intracellular staining was performed using the following mAbs: TNF-α-BV711 (mouse IgG1 anti-human, clone: Mab11, BioLegend) and CD40L-PE-Vio770 (CD154, anti-human, recombinant human IgG1, clone: REA238, Miltenyi Biotec, Bergisch Gladbach, Germany). Staining steps were carried out in 96-well round bottom plates at 4°C for 20 min with the exception of the intracellular incubation step which lasted 30 min. Following intracellular incubation, cells were washed twice and stored at 4°C overnight in 50 μL Perm/Wash Buffer (BD Biosciences). Samples were acquired the following morning on a Cytek Aurora Spectral Cytometer (Cytek Biosciences), equipped with 5 lasers (UV 355 nm, violet 405 nm, blue 488 nm, yellow-green 561 nm, red 640 nm) and 64 fluorescence detection channels UV: 16, violet: 16, blue: 14, yellow-green: 10, red: 8. Spectral unmixing was performed using SpectroFlo software (version 3.2.1, Cytek Biosciences) following the acquisition of single-stained reference samples. Autofluorescence signatures based on unstained controls were extracted from the samples. Data of a minimum of 1 × 105 live lymphocytes per sample were recorded and analyzed on FlowJo Software for Windows (Version 10.9.0, BD Biosciences). Boolean “AND” combination gates were used to define co-expression of CD25+, CD40L+, CD69+, TNF-α+ and ICOS+ in T cells. Boolean gating resulted in 16 possible phenotypes for combination gates including CD25, CD40L, CD69 and TNF-α as well as 32 possible phenotypes for combination gates including CD25, CD40L, CD69, TNF-α and ICOS.



2.4 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, Dotmatics, Boston, MA, United States). Data sets were analyzed for normality. A paired t-test was used to test for statistical differences between groups where the data was normally distributed. A Wilcoxon matched-pairs signed rank test was used for data sets that were not normally distributed. A p-value of ≤0.05 was considered statistically significant. t-SNE plots were generated in R (version 4.2.3). t-SNE algorithm was run on live CD3+ T cells using the parameters CD4, CD8α, CD25, CD40L, CD69 and TNF-α with samples of five pigs per stimulation condition (Medium, SEB, PMA). The script used was developed by the group of Adrian Liston (29) and is available on GitHub at https://github.com/AdrianListon/Cross-Entropy-test.




3 Results


3.1 PMA/ionomycin leads to strong upregulation of AIMs in pigs

To investigate the suitability of CD25, CD69 and CD40L as AIMs in pigs, we started by stimulating PBMCs from healthy animals with PMA/ionomycin. PMA works through the activation of protein kinase C while ionomycin triggers calcium release, thus bypassing TCR engagement. In combination, PMA/ionomycin is a very potent polyclonal stimulant for T cell activation. Cells cultured in medium only served as negative controls. To focus on T cells, CD3+ cells were gated within live lymphocytes (Supplementary Figure 1).

The investigated AIMs CD25, CD69 and CD40L were strongly upregulated in PMA-stimulated samples compared to the medium control (Figure 1A). In addition, a large proportion of AIM+ cells showed co-expression of TNF-α. To elucidate individual T cell phenotypes further, CD3+ T cells were further gated for CD25+, CD69+, CD40L+ and TNF-α+ cells, resulting in 16 possible phenotypes identified by Boolean gating (Supplementary Figure 2). PMA/ionomycin stimulation resulted in substantial upregulation of the AIMs under investigation, with 85 to 95% of T cells showing an AIM+ phenotype (Supplementary Table 1). Most prominent phenotypes induced by PMA/ionomycin were CD25+CD69+ (green), CD25+CD40L+CD69+ (light blue), CD69 single+ (orange) and CD25 single+ (dark blue) T cells (Figure 1B). AIM+ T cell phenotypes co-expressing TNF-α (collectively highlighted in gray) only constituted between 26% and 43% of total T cells (Supplementary Table 1), showing that analysis of AIMs identifies additional PMA-responding T cells.
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FIGURE 1
 Expression of AIMs in blood-derived CD3+ T cells after stimulation with PMA/ionomycin. (A) Representative FCM plots depicting expression of CD25, CD69, CD40L and TNF-α in CD3+ T cells when PBMC samples were unstimulated (Medium, top row) or stimulated with PMA/ionomycin (PMA, bottom row) for 18 h. Surface staining was performed for antibodies against CD3, CD4, CD8α, CD25 and CD69. Intracellular staining was performed for CD40L and TNF-α. Gates shown are representative of gating for total CD25+, total CD69+, total CD40L+ and total TNF-α+ T cells applied to PMA-stimulated samples and used in Boolean gating to create doughnut charts. (B) Doughnut charts of AIM phenotypes in PMA-stimulated samples generated by Boolean gating. Each doughnut represents the PBMC sample of one pig. Different phenotypes are indicated by different colors with all AIM phenotypes co-expressing TNF-α summarized in gray. CD25−CD40L−CD69−TNF-α− T cells are not shown. (C) Live CD3+ T cells from unstimulated (Medium), SEB-stimulated and PMA-stimulated cultures were clustered using the t-SNE algorithm with generated clusters shown in a colored overlay (left side). Relative expression levels of CD69, CD25 and CD40L within clusters (right side) are colored from high (red) to low (blue).


We further used a t-SNE algorithm to explore T cell phenotypes induced by PMA stimulation and visualize these in contrast to medium control samples. t-SNE plots revealed three clusters that were uniquely present in PMA-stimulated samples (Figure 1C; Supplementary Figure 3): cluster 3 (CD25highCD69+partiallyCD40L+), cluster 6 (CD25highCD69+CD40L+TNF-α+) and cluster 7 (CD25highCD69+). While CD69 and CD40L expression was almost entirely restricted to PMA-stimulated samples, variable level CD25 expression was also present in medium controls. Most of these cells co-expressed CD4 (Supplementary Figure 3). Cluster 3 in medium consisted almost exclusively of CD25high CD4+ T cells, most likely representing Tregs. Thus, PMA/ionomycin stimulation of porcine PBMCs strongly upregulated expression of CD25, CD69 and CD40L, confirming these as suitable AIMs in the pig.



3.2 AIMs are predominant in CD4+CD8α+ T cells after SEB stimulation

Next, we investigated AIM expression after stimulation of PBMCs with SEB. SEB is a superantigen that binds to the α-chain of MHC class II molecules on antigen-presenting cells and specific Vβ chains of the TCR which leads to activation of T cells and cytokine release (30, 31). While still non-specific, SEB activates TCR signaling via similar pathways to when T cells are activated by their cognate MHC peptides (32, 33). t-SNE analysis showed that overall AIM expression levels within total T cells after SEB stimulation were much lower compared to PMA stimulation, however more CD25+, CD40L+ and CD69+ T cells were visible in clusters 6 and 7 compared to medium controls (Figure 1C). As SEB is known to predominantly activate CD4+ T cells (34), CD3+ T cells were further sub-gated into three populations based on their expression of CD4 and CD8α: CD4−CD8α+, CD4+CD8α+ and CD4+CD8α− T cells (Figure 2A).
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FIGURE 2
 Expression of AIMs in blood-derived CD4/CD8α-defined T cell subsets after stimulation with SEB. (A) Representative FCM plots depicting expression of CD25, CD69, CD40L and TNF-α in CD4−CD8α+, CD4+CD8α+ and CD4+CD8α− T cells. PBMC samples were unstimulated (Medium, left columns) or stimulated with SEB (SEB, right columns) for 18 h. Cells were pre-gated in the following order: live, single and CD3+. Gates shown indicate gating applied to calculate frequencies of AIM+ and TNF-α+ cells. (B) Frequencies of CD25+, CD69+, CD40L+ and TNF-α+ cells within CD4/CD8α-defined T cell subsets in unstimulated (Medium) and SEB-stimulated samples. Each dot represents data from one animal (n = 5). Asterisks indicate significant differences between groups (*p ≤ 0.05, **p ≤ 0.01).


Analysis of AIMs within these subsets revealed that SEB-stimulation led to expression of all AIMs as well as TNF-α production in all three T cell subsets. Frequencies of AIM+ T cells within the CD4−CD8α+ T cell subset, which mostly contains CD8 T cells, were higher in SEB-stimulated samples compared to medium controls (Figure 2B). Due to high animal-to-animal variation, however, only CD69+ CD4−CD8α+ T cells reached a significant difference. CD8α+ CD4+ T cells are a special subset in the pig with high percentages in blood increasing with age and consisting mainly of activated and/ or memory T cells (35, 36). Among the investigated T cell subsets, highest overall frequencies of AIM-expressing and TNF-α producing cells were observed within CD4+CD8α+ T cells with all markers expressed in significantly higher frequencies in SEB-stimulated samples than in medium controls. SEB also induced AIM upregulation in the CD4+CD8α− T cell subset, largely formed by naïve CD4+ T cells (35), with the exception of one pig that showed a decrease in CD69 expression after stimulation.



3.3 ASFV induces expression of multiple AIMs

While the in vitro stimulation experiments using PMA/ionomycin and SEB confirmed the potential of an AIM assay in the pig, the ultimate goal was to utilize the AIMs for the detection of antigen-specific T cells after immunization or infection. To that end, we employed ASFV-primed cells from five pigs that had undergone a challenge infection with the moderately virulent ASFV strain Estonia 2014. Fresh blood samples were collected 21 days post viral challenge and isolated PBMCs were subjected to 18 h in vitro restimulation with ASFV Estonia 2014. Cells incubated with mock inoculum served to determine background expression.

Identical to SEB-stimulated samples, ASFV Estonia-stimulated samples were gated on live CD3+ T cells (Supplementary Figure 1, bottom) which were further divided into three CD4/CD8α-defined T cell subsets (Figure 3A). In addition to the analysis of CD25, CD69 and CD40L, ICOS was included as a further potential AIM. Although not traditionally used in human AIM studies, ICOS is known to be expressed at low levels on naïve T cells and upregulated following T cell activation in both CD4 and CD8 T cells (37–39). As predicted when using an antigen-specific stimulation approach, overall levels of AIM expression were lower than those observed with PMA/ionomycin or SEB stimulation (Figure 3B).
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FIGURE 3
 Expression of AIMs in blood-derived CD4/CD8α-defined T cell subsets after stimulation with ASFV Estonia 2014. (A) Representative FCM plots depicting expression of CD25, CD69, CD40L, ICOS and TNF-α in CD4−CD8α+, CD4+CD8α+ and CD4+CD8α− T cells. PBMC samples were incubated with mock inoculum (Mock, left columns) or ASFV Estonia 2014 (ASFV, right columns) for 18 h. Cells were pre-gated in the following order: live, single and CD3+. Gates shown indicate gating applied to calculate frequencies of AIM+ and TNF-α+ cells. Dot size was enlarged to improve visibility of AIM+ and TNF-α+ cells. (B) Frequencies of CD25+, CD69+, CD40L+, ICOS+ and TNF-α+ cells within CD4/CD8α-defined T cell subsets in mock-inoculated (Mock) and ASFV Estonia 2014 (ASFV)-stimulated samples. Each dot represents data from one animal (n = 5). Asterisks indicate significant differences between groups (*p ≤ 0.05, **p ≤ 0.01).


Interestingly, highest frequencies of TNF-α in response to ASFV Estonia stimulation were found in CD4−CD8α+ T cells. Significance was not reached for this phenotype since data from the mock control was not normally distributed. Of note, we observed increases in ICOS+ and CD40L+ expressing cells in CD4−CD8α+ T cells, with ICOS even reaching significance, although both molecules are more associated with CD4 T cells. While overall percentages of CD40L expressing cells were low, ASFV Estonia stimulation induced significant CD40L upregulation above mock controls in CD4+CD8α+ T cells of all pigs. In line with results for SEB, increased frequencies of CD25, CD69 and ICOS expressing cells after ASFV Estonia stimulation were detected in the CD4+CD8α+ T cell subset. Consistent with the notion that CD4+CD8α− cells represent naïve CD4 T cells, no consistent increase of AIM expressing T cells was found in this subset following ASFV stimulation. Similarly, an increase in TNF-α producing cells was found in CD4+CD8α+ T cells (though not significant) but not in the CD4+CD8α− subpopulation. Therefore, ASFV stimulation induced the expression of multiple AIMs, most prominently in the CD4+CD8α+ T cell subset.



3.4 CD25+CD69+ is a prominent AIM T cell phenotype for SEB and ASFV stimulation

To compare AIM+ T cell phenotypes elicited by SEB with the antigen-specific stimulation of ASFV-primed cells, the 16 phenotypes defined by expression of CD25+, CD69+, CD40L+ and TNF-α+ cells were analyzed by Boolean gating within CD4−CD8α+, CD4+CD8α+ and CD4+CD8α− T cells. For both stimulations, CD25 single+ T cells strongly dominated in all three T cell subsets (Supplementary Figures 4A,B). As the CD25 single+ T cell subset was in its majority likely composed of Tregs, we decided to exclude these cells from further analysis.

Omitting CD25 single+ T cells, CD25+CD69+ (dark green), CD25+CD40L+ (pink) and CD40L single+ (purple) constituted the most frequent AIM+ T cell phenotypes after SEB stimulation (Figure 4A) with CD25+CD69+ in CD4+CD8α+ T cells reaching an average of 34.7% when AIMnegTNF-αneg and CD25 single+ T cells were excluded from the calculation (referred to as “ATC excluded” [from AIMnegTNF-αneg CD25 single+] from now on; percentages in total T cells given in Supplementary Table 1). While CD25+CD40L+ (pink, average 11.5% in CD4−CD8α+, 12.3% in CD4+CD8α+, 18.6% in CD4−CD8α+ of ATC-excluded) and CD40L single+ (purple, average 20.3% in CD4−CD8α+, 9% in CD4+CD8α+, 23.3% in CD4−CD8α+ of ATC-excluded) AIM phenotypes were frequent in all T cell subsets, CD25+CD40L+CD69+ (light blue, average 3.6% in CD4−CD8α+, 16.2% in CD4+CD8α+, 4% in CD4−CD8α+ of ATC-excluded) were mostly found within CD4+CD8α+ T cells.
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FIGURE 4
 Relative distribution of AIM phenotypes within CD4/CD8α-defined T cell subsets in SEB-stimulated vs. ASFV-stimulated PBMC cultures. (A) Doughnut charts of AIM phenotypes in SEB-stimulated samples generated by Boolean gating in CD4−CD8α+ (top row), CD4+CD8α+ (middle row) and CD4+CD8α− (bottom row) T cells. Each doughnut represents the PBMC sample of one pig. Different phenotypes are indicated by different colors with all AIM phenotypes co-expressing TNF-α summarized in gray. CD25−CD40L−CD69−TNF-α− and CD25 single+ T cell phenotypes are not shown. (B) Doughnut charts of AIM phenotypes in ASFV Estonia 2014-stimulated samples generated by Boolean gating in CD4−CD8α+ (top row), CD4+CD8α+ (middle row) and CD4+CD8α− (bottom row) T cells. Each doughnut represents the PBMC sample of one pig. Different phenotypes are indicated by different colors with all AIM phenotypes co-expressing TNF-α summarized in gray. CD25−CD40L−CD69−TNF-α− and CD25 single+ T cell phenotypes are not shown.


Among ASFV Estonia-stimulated samples, TNF-α single+ (light green) and CD25+CD69+ (dark green) T cells were the most prominent phenotypes (Figure 4B). In contrast to SEB, however, differences between CD4/CD8α-defined T cell subsets were more pronounced. TNF-α single+ (light green) vastly dominated within CD4−CD8α+ T cells with an average of 60.9% within ATC-excluded. While CD25+CD69+ T cells (dark green) were frequent within both CD4+CD8α+ (31.2% of ATC-excluded) and CD4+CD8α− T cells (15.1% of ATC-excluded), CD40L single+ were largely confined to the CD4+CD8α− T cell subset (purple, average 25.9% of ATC-excluded). Overall, CD25+CD69+ and CD40L single+ were the most prominent AIM+ phenotypes elicited by SEB and ASFV Estonia stimulation.

Of note, frequencies of AIM+ T cell phenotypes co-expressing TNF-α (gray) varied between T cell subsets and stimulations (SEB: 23.4% in CD4−CD8α+, 24% in CD4+CD8α+, 40.1% in CD4−CD8α+ of ATC-excluded; ASFV: 25.7% in CD4−CD8α+, 36.7% in CD4+CD8α+, 34% in CD4−CD8α+of ATC-excluded). Focusing in more detail on AIM+ TNF-α+ T cell phenotypes revealed further differences between SEB and ASFV Estonia-stimulated PBMC cultures (Supplementary Figures 5A,B). While AIM+ TNF-α+ T cell phenotypes in SEB-stimulated samples were dominated by CD40L+TNF-α+ (rust-red) and CD25+CD40L+TNF-α+ (light blue) T cells, CD25+TNF-α+ T cells (green) were the most prominent phenotype in ASFV Estonia samples. CD25+CD40L+CD69+TNF-α+ T cells (maroon) were mostly restricted to CD4+ T cells, being present in CD4+CD8α+ and CD4+CD8α− subsets after both stimulations. Therefore, TNF-α production in SEB-stimulated cells seems to be largely associated with CD40L expression, whereas it is rather affiliated with CD25 in ASFV Estonia-stimulated samples. In accordance with this, when analyzing ICOS+ T cell phenotypes in combination with the other AIMs and TNF-α in ASFV Estonia-samples, ICOS was preferentially co-expressed with CD25 (Supplementary Figure 6).



3.5 Multiple AIM+ phenotypes expand in response to ASFV

Finally, we dissected which combinations of AIMs expanded in response to ASFV stimulation and therefore prove valuable for the identification of antigen-specific T cells. Consequently, we applied further Boolean gating of CD25+, CD40L+ and CD69+ within CD4/CD8α-defined T cell subsets, omitting analysis of TNF-α expression to focus exclusively on expression of AIMs. Significant increases in frequencies were observed for CD25+CD40L+CD69+, CD25+CD40L+ and CD25+CD69+ phenotypes in CD4+CD8α+ T cells (Figure 5A). For CD4+CD8α− T cells, consisting mainly of naïve CD4 T cells in pigs (35), no significant differences between mock and ASFV-treated cultures were found (data not shown). When including ICOS in the AIM panel, CD25+CD40L+ICOS+, CD25+ICOS+ and ICOS+ phenotypes were significantly upregulated in the CD4−CD8α+ T cell subset in ASFV-cultures (Figure 5B, top). Within CD4+CD8α+ T cells, five AIM+ phenotypes co-expressing ICOS showed significant expansion following ASFV restimulation: CD25+CD40L+CD69+ICOS+, CD25+CD40L+ICOS+, CD25+CD69+ICOS+, CD25+ICOS+ and CD40L+ICOS+ (Figure 5B, bottom). This suggests that the addition of ICOS improves the breadth of the investigated AIM panel. In summary, multiple AIM+ phenotypes expanded in ASFV-primed cells after ASFV restimulation, most notably within CD4+CD8α+ T cells.
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FIGURE 5
 Induction of AIM+ CD4/CD8α-defined T cell phenotypes after ASFV Estonia 2014 stimulation. (A,B) Frequencies of selected AIM+ phenotypes within CD4−CD8α+ and CD4+CD8α+ T cells in mock-inoculated (Mock) vs. ASFV Estonia 2014 (ASFV)-stimulated samples. Boolean gating of AIMs was performed excluding (A) or including analysis of ICOS expression (B). Each dot represents data from one animal (n = 5). Asterisks indicate significant differences between groups (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).





4 Discussion

AIMs have become a widely used tool to identify the full breadth of antigen-specific CD4 and CD8 T cells following short-term in vitro restimulation (8). However, in livestock species, their use has been very limited, probably due to a perceived lack of antibodies addressing AIMs established for human T cells. Here, we made use of species specific or cross-reactive antibodies for pigs, binding to CD25, CD69, CD40L and ICOS to investigate activated T cells following polyclonal, oligoclonal or antigen (re-)stimulation.

PMA/ionomycin stimulation resulted in a substantial increase of T cells expressing CD25, CD69 and CD40L, suggesting that all three molecules are suitable for the identification of activated T cells. Previously, we reported similar results for ICOS following ConA stimulation (13). However, stimulation by either PMA/ionomycin or ConA is very potent in T cells and therefore does not allow immediate conclusions on the suitability of CD25, CD69, CD40L or ICOS to identify antigen-specific T cells. As an intermediate to antigen recall, we initially tested our AIM panel on SEB stimulated PBMCs. SEB is a group II superantigen, binding to the α-chain of MHC class II molecules and the Vβ chain of the TCR (40). In human PBMCs, stimulation with SEB (1 μg/mL) results in up to 10% TNF-α producing (41) and 30% CD40L expressing CD4 T cells (9). Although we and others worked with similar concentrations for porcine PBMC [500 ng/mL to 1 ug/mL (11, 42)], percentages of activated phenotypes in porcine T cells are lower, e.g., in total CD4 T cells approx. 1% of cells become CD40L+ (11). In our study 5%–14% and 1.7%–5% within CD4+CD8α+ T cells expressed CD40L or TNF-α, respectively (Figure 2B). This suggests that SEB could have a lower affinity for porcine MHC-II α-chains or TCR-Vβ similar to what has been reported for mice (43). Although this could be seen as a disadvantage on the overall suitability of SEB to stimulate porcine T cells, it might be beneficial for the overall goal: to use AIMs to identify memory T cells capable of recall responses, where affinity between MHC/peptide and the TCR is also rather low. Indeed, our results show that CD25+CD69+ is a prominent phenotype induced by both SEB and ASFV (re-)stimulation, at least in CD4+CD8α+ T cells.

At the beginning of our work on AIMs for porcine T cells, we also tested antibodies against CD71, CD137 and CD274. Although CD71 is less frequently analyzed in human T cells (8), its suitability as an AIM for T cells from mice and humans has been suggested (44) and a cross-reactive antibody (clone T56/14) for pig was reported (45). However, in our hands, the antibody did not show any binding on resting or ConA-stimulated T cells (data not shown). Similarly, cross-reactive antibodies for human AIMs CD137 (clone 4B4-1) and CD274 (PD-L1, clone 29E.2A3) have been mentioned (46), but again both antibodies did not bind to T cells or other cells in porcine PBMCs in our hands. A pig specific mAb for porcine CD137 has been reported (47) but to our knowledge is currently not commercially available and was not investigated in this study. Collectively, this illustrates that the toolbox for AIMs in pigs is still limited but our work shows that addressing CD25, CD69, CD40L and ICOS in combination should allow the identification of activated CD4 and CD8 T cells in different experimental settings.

Different to cytokines, which for FCM analysis require intracellular staining, AIMs are membrane bound molecules. This allows for cell sorting and further downstream analyses, for example in vitro testing or bulk transcriptome analysis. However, as in previous studies on equine and porcine T cells (11, 48), CD40L expression was investigated after fixation and permeabilization of cells. This is due to the extremely short half-life of CD40L on the cell membrane (49), limiting possibilities to identify it while on the cell surface. To overcome the need of permeabilization for sensitive CD40L detection, two strategies have been developed in the past. One is to place CD40L mAbs into the culture during the period of in vitro stimulation. This requires addition of monensin to the culture, to prevent degradation of the fluorochromes which partially become internalized together with their antibodies during the cultivation period (19). This approach was also successfully used for porcine CD4 T cells, allowing the combined analysis of CD40L in combination with either TNF-α or IFN-γ (50). However, when we tried this in combination with the analysis of CD25 and CD69, the expression of these molecules was severely impaired by the monensin (data not shown). An alternative to this is the addition of CD40 blocking antibodies (9, 20), a standard procedure in human AIM assays when CD40L is included. We have not tested this approach in our experiments, but several putatively pig cross-reactive antibodies (rabbit polyclonal PA5-27419; rabbit polyclonal PA1-31075; mouse anti-human, clone 647CT13.2.4; mouse anti-human, clone LOB7/6; mouse anti-human, clone 9G10) were already unsuccessfully tested by Ebner and colleagues (F. Ebner, personal communication). Hence, a sorting of antigen-specific porcine T cells could either be performed based on CD25/CD69/ICOS co-expression (or subsets thereof, our findings) or on CD40L only (50). Nevertheless, further testing of antibodies for blocking porcine CD40 would strengthen AIM guided sorting of re-activated memory T cells.

In our experiments we compared AIM expressing T cells against the capacity for TNF-α production. TNF-α was chosen based on previous work, showing that frequencies of TNF-α and IFN-γ producing CD4 and CD8 T cells are similar following PMA/ionomycin stimulation. However, TNF-α production was also found in CD4+CD8α− T cells, while IFN-γ production was largely confined to CD4+CD8α+ and CD4−CD8α+ T cells (24). In addition, IFN-γ and TNF-α are often co-produced, both after PMA/ionomycin stimulation (24) and for example in influenza or porcine reproductive and respiratory syndrome virus (PRRSV) recall assays (51–54). Nevertheless, all those publications show that IFN-γ single producing T cells are frequently present, suggesting that IFN-γ production will also correlate with the AIMs investigated in our work. This clearly warrants future investigations. Of note, TNF-α has been subject to limited investigation in the context of ASFV restimulation (55), but our data show that a considerable proportion of CD4−CD8α+ T cells can produce this cytokine in a recall assay. The CD4−CD8α+ T cells in our phenotyping panel should largely consist of conventional CD8 T cells, although a minor subset of CD2+ γδ T cells can also have this phenotype (56). However recall stimulation of cells from animals recovered from a low virulent isolate of ASFV did not induce secretion of IFN-γ or TNF-α from CD3+γδTCR1+ cells (55). Nonetheless, a more detailed analysis of TNF-α production in CD8 T cells in the context of different ASFV infections is of interest and should be addressed in future studies.

Finally, our data show that AIM combinations of CD25, CD40L, CD69 and ICOS identify phenotypes that expand significantly within CD4+CD8α+ T cells following ASFV restimulation. The high percentage of CD25+ICOS+ cells within CD4+CD8α+ T cells (also within mock cultures, Figure 5B, bottom) suggests that this phenotype contains a considerable proportion of Treg cells. Porcine Treg cells mainly have a CD25high phenotype but also subsets of CD25dim/intermediate CD4 T cells can express Foxp3 (57). This demonstrates the need to combine CD25 with other AIMs. Indeed, combinations of three or four AIMs identified much smaller subsets of CD4+CD8α+ T cells showing an increase after ASFV restimulation (Figure 5B, bottom) with frequencies being closer to what can be expected in the context of in vitro antigen recall. Of note, we also identified ASFV induced increases of CD25+ICOS+ and single ICOS+ CD4−CD8α+ T cells (Figure 5B, top), potentially arising from ICOSlow CD4−CD8α+ T cells (Figure 3A). Mouse splenic and blood-derived CD8 T cells have been reported to be largely ICOS− (39, 58), but more recently it was shown that ICOS drives the generation of CD8 tissue resident memory T (Trm) cells (59). This indicates that further investigations on ICOS expressing CD8 T cells and its role as an AIM in pigs are justified. Together, this shows the versatility of our panel, providing avenues to investigate those CD25/CD40L/CD69/ICOS AIM phenotypes in pigs in future experiments, both in the context of infection and immunization studies.
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Flow cytometry of blood samples is a very valuable clinical and research tool to monitor the immune response in human patients. Furthermore, it has been successfully applied in cats, such as for infections with feline immune deficiency virus (FIV). However, if cells are not isolated and frozen, analysis of anticoagulated blood samples requires mostly prompt processing following blood collection, making later analysis of stored full blood samples obtained in clinical studies often impossible. The SMART Tube system (SMART TUBE Inc., California, United States; SMT) allows fixation and long-term preservation of whole blood samples at −80°C. However, this system has so far only been applied to human biological samples. In the present study, a new flow cytometry SMART Tube protocol adapted for feline whole blood samples was successfully established allowing quantification of T-helper cells, cytotoxic T-cells, B-cells, monocytes, and neutrophils up to 2 years post sampling. Results obtained from frozen stabilized and fresh blood samples were compared for validation purposes and correlated to differential blood counts from a conventional hematology analyzer. Clinical applicability of the new technique was verified by using samples from a treatment study for feline infectious peritonitis (FIP). Using the new SMT protocol on retained samples, it could be demonstrated that long-term storage of these SMT tubes is also possible. In summary, the newly adapted SMT protocol proved suitable for performing flow cytometry analysis on stored feline whole blood samples, thus opening up new avenues for veterinary research on a variety of aspects of clinical interest.
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1 Introduction

Flow cytometry is a very sophisticated and highly developed technique for analyzing the qualitative and quantitative characteristics of individual whole cells and cellular components (1). The physical properties (e.g., size, complexity/granularity, membrane integrity) and the expression of specific molecules (e.g., antigens on or in the cell) can be recorded quickly and simultaneously for each individual cell. Cells, therefore, can be divided into different populations and subpopulations. Flow cytometry is often used to characterize diseases in clinical settings in order to monitor the immune response in human patients (2, 3). The multiparametric, quantitative analysis also makes flow cytometry a powerful tool in biological sciences. Peripheral blood, bone marrow and lymph node aspirates, and cerebrospinal fluid are among the multitude of specimens that can be analyzed. Clinical flow cytometry in cats is currently primarily used for diagnosis and prognosis of hematopoietic neoplasms (lymphoma and leukemia) (4). It also has been successfully applied for infections with feline immune deficiency virus (FIV), in order to analyze diagnostic approaches or to monitor the immune responses in these cats (5).

However, only viable cells should be subjected to the initial staining process (6). For peripheral whole blood samples collected in ethylenediaminetetraacetic acid (EDTA)-anticoagulated tubes, cell stability has been demonstrated for a maximum of 48 h after collection (7) with only mild changes in leukocytes, lymphocytes and neutrophils, but in some cases significant changes in monocytes when measuring with automatic analyzers (8). This leaves only a very small time-window for analysis, especially for samples from clinical trials; this window is often too short, as in-house devices performing flow cytometry are rarely available, and samples from different sites often have to be shipped and stored before analysis. Although it is possible to isolate feline peripheral blood mononuclear cells (PBMC) using density gradient centrifugation and use traditional cryopreservation protocols to allow subsequent analysis by flow cytometry, a comparably large amount of blood is necessary to extract enough cells for conservation. In addition, isolation and freezing can alter cellular composition and impact the expression of certain markers.

The SMART Tube system (SMART TUBE Inc., California, United States; SMT) was developed for fixation and long-term storage of whole blood samples. This system has already been used in some mass and flow cytometry studies, but so far, only on human biological samples (9–12). An important benefit of whole blood storage and staining is the requirement for significantly smaller blood volumes compared to volumes needed for classical isolation techniques. This advantage is especially important in studies with longitudinal sampling in smaller animals such as cats, where the possible volume for blood withdrawal is severely restricted.

Therefore, the aim of this study was to establish a protocol for routine use of the SMT system with feline full blood samples and apply this protocol to samples of a clinical treatment study for cats with feline infectious peritonitis (FIP) after long-term storage.



2 Materials and methods


2.1 Sampling of feline blood

Spare EDTA-anticoagulated samples from peripheral whole blood of 20 healthy cats were collected at the LMU Small Animal Clinic in Munich. For fresh blood (FB) analysis, EDTA samples were stored at 4°C overnight and processed the next morning. For stored samples, 200 μL of EDTA whole blood was fixed and stabilized within a few hours after collection by mixing it with 270 μL of Proteomic Stabilizer Prot1 (SMART TUBE Inc., California, United States) in cryovials [micro screw-in tube 2 mL (Sarstedt AG & Co. KG, Nümbrecht, Germany)] according to the manufacturer’s instructions. After incubation for 10 min at room temperature (RT) the samples were immediately transferred to −80°C. The individual storage periods (at −80°C) for all SMT blood samples are shown in Supplementary Table S1.



2.2 Automatic hematologic analyzer for feline blood

Hematology examination from all collected fresh-blood EDTA samples of the healthy cats was performed at the LMU Small Animal Clinic in Munich using the in-house automatic analyzer ProCyte Dx (IDEXX Laboratories, Inc., Maine, United States). Hematology examination from samples of cats with FIP was performed using the automatic analyzer Cell-Dyn 3,500 (Abott Laboratories, IL, United States). When an invalid separation of leukocyte populations was present, additional microscopical examination of blood smears (for the validation study and the clinical application) was performed.



2.3 Antibodies

For flow cytometry, seven commercially available monoclonal antibodies (mAbs) were tested: anti-cat CD4- Fluorescein isothiocyanate (FITC) (clone 3-4F4) (SouthernBiotech, Birmingham, United States), anti-cat CD4-FITC (clone vpg34) (BioRad Laboratories, Feldkirchen, Germany), anti-cat CD8-PE (clone fCD8) (SouthernBiotech), anti-dog CD21 (clone CA2.1D6) (BioRad Laboratories), anti-human CD21-APC (clone B-ly4) (BD PharmingenTM, Heidelberg, Germany), anti-human CD14-PacificBlue (clone TÜK14) (BioRad Laboratories), and anti-cat MHCII (clone PF6J-6D) (BioRad Laboratories). Anti-cat MHCII was only available purified and was therefore conjugated to CF405M using the Mix-n-StainTM CFTM405M Antibody Labeling Kit (Sigma-Aldrich®, St. Louis, United States). Purified anti-dog CD21 was conjugated to PerCP-Cy5.5 using the Lynx Rapid Antibody Conjugation Kit (BioRad Laboratories) according to the manufacturer’s instructions. All mAbs were titrated prior to the start of the experiment for optimal working dilutions (see Table 1).



TABLE 1 Commercially available antibodies for cats and cross-reactive antibodies from other species (dog and human) tested for functionality for Smart Tubes with flow cytometry.
[image: Table1]



2.4 Sample processing for flow cytometry

For flow cytometric analysis of FB samples, 100 μL blood was mixed with 2 mL of 10X RBC Lysis Buffer (ThermoFisher Scientific, Massachusetts, United States) and incubated for 15 min at RT in the dark. After centrifugation at 550 × g for 5 min at 18°C, the supernatant was discarded and the cell pellet was resuspended in 500 μL of staining buffer (PBS pH 7.2, 1% BSA, 0.1% NaN3).

To thaw the stored tubes, the manufacturers protocol was modified as follows: the tubes were thawed in a cold-water bath (10°C to 15°C) for 5 min. Thawed content was transferred to a new tube, mixed with 2 mL of 1X Thaw-Lyse Buffer (SMART TUBE Inc.) and incubated for 10 min at RT under constant rotation. After this, leukocytes were pelleted at 560 × g for 5 min at RT. The pellet was resuspended with 3 mL of 1X Thaw-Lyse Buffer and incubated at RT for 10 min under rotation. After another centrifugation at 560 × g for 5 min at RT the cell pellet was resuspended with 500 μL of staining buffer (PBS pH 7.2, 1% BSA, 0.1% NaN3).

From both fresh and stored samples, 1 ×105 cells were transferred into a 96-well plate and incubated with 50 μL of the mAbs mixture (each antibody was titrated individually for optimal staining to generate a final panel in section 3.1; also, see Table 1) for 20 min in the dark on ice, followed by washing with 100 μL staining buffer and centrifugation at 725 × g for 1 min at 18°C. Pellets were resuspended in 400 μL staining buffer, transferred to a new tube and analyzed by flow cytometry. Due to the presence of a fixative in SMT tubes, which alters cell membrane integrity and precludes the use of viability dyes, we refrained from employing viability dyes for any of the samples to maintain consistency in treatment.

Flow cytometry was performed on a BD FACS Canto II Flow Cytometer (Becton Dickinson, Heidelberg, Germany). For each sample, 10,000 single cells were acquired. BD FACS DIVA and FlowJo (Tree Star Inc., OR, United States) software were used for data analysis.

The absolute numbers of each leukocyte subset were calculated as previously published (20): to obtain absolute cell numbers from flow cytometry samples, the determined percentage of the respective cell population was multiplied by the hematology analyzers leukocyte count. Lymphocyte numbers were calculated by adding up the numbers of CD4+, CD8+, CD21+, and marker negative/MHCII+/small cells.



2.5 Analyzing intra-assay precision and accuracy of the feline SMT protocol

To determine intra-assay precision for the cell numbers obtained by the new feline SMT protocol, a blood sample of one healthy cat was split into five FB and five SMT samples, which were frozen afterwards and analyzed by flow cytometry processing. Coefficients of variation (CVs, in percent) were calculated as standard deviation (SD)/mean × 100.

To test for accuracy of the newly established feline SMT protocol, blood samples of 20 cats were split into triplicates and subsequently analyzed with conventional automated hematology analyzer (Diff) and by flow cytometry on either FB or SMT-fixed samples to compare numbers of lymphocytes, monocytes, and neutrophils. The cell numbers were calculated as described above.



2.6 Clinical application of the established protocol to cats from a FIP treatment study

In a recent clinical treatment study, five cats suffering from FIP received orally for 84 days the multi component drug Xraphconn® (Mutian Life Sciences Limited, Nantong, China) containing the nucleoside analogue GS-441524 as previously published (21). During this treatment study, EDTA samples were collected with the SMT system according to the manufacturer’s instructions at six different time points from day 0 (before treatment initiation) through days 7, 14, 28, 56, and 83 (last day of treatment). In addition, EDTA samples of five healthy cats were collected with the SMT system. These cats were anti-feline coronavirus (FCoV) antibody-negative in serum and had no fecal FCoV shedding, both of which was determined as previously described (21–23).The SMTs of healthy and diseased cats were thawed and processed as described above. Storage times are given in Supplementary Table S1.



2.7 Statistical analysis

For a first comparison of Diff, FB, and SMT, Box plots were visualized for distribution of the data using MS Excel (version 2313). Data were analyzed using R statistical language (version 4.0.3; R Core Team, 2020). Pearson’s correlation coefficient [with the rules tiny to small correlation r < 0.2, medium correlation r < 0.3, large correlation r < 0.4, and very large correlation r ≥ 0.4 (24)], Bland–Altman plots depicting the mean bias ± 2 SD, and results of a Passing-Bablok regression analysis were reported.




3 Results


3.1 Antibody panel

Main objective of the used staining panel was to discriminate the different leukocyte subsets and, in addition to classical hematologic analysis, to address different lymphocyte subsets. Therefore, commercially available mAbs were tested for their functionality on SMT samples (see Table 1). Several mAbs resulted in a good staining pattern on FB. However, they did not work on SMT samples [anti-CD4-FITC (clone 3-4F4), anti-CD21-PerCP-Cy5.5 (clone CA2.1D6)], most likely due to the fixation process of the SMT system (see Supplementary Figures S1A,B). The anti-CD14 mAb showed good results on both FB and SMT samples but stained monocytes and neutrophils equally, so the desired differentiation of monocytes within the population of large cells was not possible (see Supplementary Figure S1C).

Four of the tested mAbs, either cat-specific or described as cross-reactive, gave good results likewise on FB and SMT samples and stained the intended cell populations (see Supplementary Figure S2). Hence, the final flow cytometry protocol included the following mAbs: anti-cat-CD4- FITC (vpg34) to stain T-helper cells, anti-cat-CD8-PE (fCD8) for cytotoxic T cells, anti-human-CD21-APC (B-ly4) for B cells, and anti-cat-MHCII-PacificBlue (PF6J-6D) to discriminate monocytes from neutrophils.

Although for all mAbs, mean fluorescence intensity (MFI) was significantly lower on cells from SMT than FB samples (40–45% for CD4, CD21 and MHCII, 25% for CD8), clear discrimination of even the most affected dim target populations was still possible (Supplementary Figure S2).



3.2 Gating strategy for flow cytometry

Strikingly, flow cytometric analysis of SMT samples revealed FSC/SSC scatter plots, which differed considerably from that of FB and between individual cats. While discrimination between neutrophils and lymphocytes became more difficult after fixation, visibility of the otherwise hardly distinguishable monocyte population was often improved (Figure 1).
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FIGURE 1
 Scatter profiles: Forward scatter/Side scatter (FSC /SSC) profiles of lyzed fresh blood (A) and lyzed SMART Tube (SMT)-fixed blood samples from three different cats (B) were determined by flow cytometry. The different leukocyte populations were gated according to their FSC/SSC scatter profiles: neutrophils (I), monocytes (II), and lymphocytes (III).


To address the different subpopulations, the following gating strategy was applied: First, feline leukocytes were identified by their FSC/SSC scatter profiles (Figure 2A), followed by doublet exclusion (Figure 2B). CD4 and CD8 were used to address CD4+ helper T cells and CD8+ cytotoxic T cells. Double positive cells were not observed (Figure 2C, I and II).

[image: Figure 2]

FIGURE 2
 Gating strategy: A lyzed SMART Tube (SMT) blood sample was stained with anti-cat-CD4- FITC (vpg34), anti-cat-CD8-PE (fCD8), anti-huCD21-APC (B-ly4), and anti-cat-MHCII-PacificBlue (PF6J-6D) and analyzed by flow cytometry. First, feline leukocytes were identified by their Forward scatter/Side scatter (FSC /SSC) profiles (A), followed by doublet exclusion (B). CD4 and CD8 were used to address CD4+ helper T cells and CD8+ cytotoxic T cells. Double-positive cells were not observed (C, I and II). From the CD4/CD8 double-negative population neutrophils were identified through high SSC and a negative MHCII staining (D, III). B cells and monocytes were addressed in a CD21/MHCII plot (E) with CD21+/MHCII+ B cells and a CD21-/MHCII+ cell population. When the latter was further examined according to its FSC/SSC scatter characteristics (F), two distinct populations could be identified: a more homogeneous population of large cells, which we regard as monocytes (V) and an additional population of smaller cells. Since these CD4-/CD8-/CD21-/MHCII+ cells have a lymphocyte scatter profile (VI), they were regarded as “marker negative lymphocytes”.


From the CD4/CD8 double-negative population neutrophils were identified through high SSC and a negative MHCII staining (Figure 2D, III). B cells and monocytes were addressed in a CD21/MHCII plot (Figure 2E) with CD21+/MHCII+ B cells and a CD21-/MHCII+ cell population. When the latter was further examined according to its FSC/SSC scatter characteristics (Figure 2F), two distinct populations could be identified: a more homogeneous population of large cells, which we regarded as monocytes (Figure 2F, V) and an additional population of smaller cells. Since these CD4-/CD8-/CD21-/MHCII+ cells have a lymphocyte scatter profile (Figure 2F, VI), they were regarded as “marker-negative lymphocytes.” As no natural killer (NK) cell marker was included in the applied antibody panel, a proportion of those “unstained” lymphocytes were supposedly NK cells but other lymphocyte populations could equally contribute.



3.3 Validation of the protocol

In order to analyze intra-assay precision of the applied protocol, one blood sample of a healthy cat was split into five FB and five SMT samples and analyzed by flow cytometry. As shown in Table 2, SD for all cell populations was very low (0.01–0.02 ×109 c/L) and CV of intra-assay precision was below 1% for all cell types (Table 2).



TABLE 2 Intra-assay precision estimated from 5 fresh blood and 5 fixed aliquots from a blood sample of a single cat analyzed by flow cytometry.
[image: Table2]

For accuracy of the newly established feline SMT protocol, the numbers of lymphocytes, monocytes, and neutrophils analyzed with Diff, FB and SMT were compared to each other.

In general, a first juxtaposition of cell numbers revealed similar mean cell counts for all cell populations although flow cytometry-based analysis resulted in slightly lower cell counts, which was most pronounced for lymphocytes [mean Diff 3.6 ×109 c/L vs. 3.2 ×109 c/L (FB and SMT) (Figure 3A; Supplementary Table S2)]. The correlation between the different methods was very large for all cell populations with Pearson’s r ranging from 0.979 to 0.997. Results of Passing–Bablok regression showed slopes for all comparisons between 0.80–1.11. All 95% coefficients of variation (CIs) included 1.00 indicating that there was no proportional bias between the methods for any of the cell populations tested. All intercepts included 0.0 within the 95% CIs (ranging from −0.91–0.23) indicating that there was no significant constant error between the methods for any cell count (Figures 4A–C and Table 3). The Bland–Altman plots showed that all but a few values were within the limits of agreement (LoA), and only a single value when comparing neutrophil counts between SMT and FB, was outside the 95% CI of the upper LoA (Supplementary Figures S3A–C).
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FIGURE 3
 Validation – absolute counts: Blood of 20 healthy cats was split in three and objected to automated hematology analysis (Diff), analyzed by flow cytometry within 24 h (FB) or fixed/frozen in a SMART Tube (SMT) before flow cytometric analysis. For FB and SMT samples, the absolute numbers of each leukocyte subset were calculated by multiplication of Diff. Absolute blood cell counts from all three techniques for monocytes, lymphocytes, and neutrophils are presented in (A); lymphocyte subpopulations obtained by flow cytometry are shown in (B). Box plots include the second and the third quantile, whiskers include all values within the 1.5 interquartile range, dots outside the box represent outliers, dots inside the box the values; the horizontal line represents the median, the mean is presented as a cross.


[image: Figure 4]

FIGURE 4
 Correlation Diff/FB/SMT: Correlation and agreement between the absolute cell numbers (x109/l) for neutrophils (A), monocytes (B), and lymphocytes (C) of 20 healthy cats obtained with an automated hematology analyzer (Diff), by flow cytometry within 24 h (FB) and with fixed/frozen Smart Tubes (SMTs). Side scatter diagrams with the red dots represent measured values. The solid blue line represents the regression line, the dashed red line represents the line of identity, and 95% confidence intervals (CI) are represented by the blue shaded area. Comparison for lymphocyte subpopulations obtained by flow cytometry with FB and SMT are shown in (D). Pearson’s correlation coefficient (r) is given in each diagram.




TABLE 3 Passing-Bablok [with 95% confidence intervals (CI)] regression analysis between the different methods for neutrophils, monocytes, and lymphocytes and Pearson’s correlation coefficient (r).
[image: Table3]

In detail, comparison of neutrophil and monocyte counts revealed Pearson’s r 0.985 ≥ r ≤ 0.994 (neutrophils) and 0.982 ≥ r ≤ 0.990 (monocytes) showing no significant biases between all methods (Figures 4A,B and Supplementary Figures S3A,B). As already assumed from the mean cell counts, the comparison between lymphocyte counts from the different methods revealed the lowest correlation coefficient with r = 0.979 (Diff vs. FB/SMT), which, however, still indicates a very large correlation; the biases were significant at 0.33 and 0.43 ×109 c/L (differences ranging from −0.32–1.58 ×109 c/L), and with the values plotted particularly above the 0 line, it is again indicated that Diff values tended to be higher than FB/SMT. For FB vs. SMT we found r = 0.997 with a bias of only −0.1 ×109 c/L and differences ranging from −0.58–0.19 ×109 c/L (Figure 4C and Supplementary Figure S3C). Since discrimination of lymphocyte subpopulations is not possible using Diffs, CD4+, CD8+ and CD21+ cell counts were only compared between FB and SMT samples (Figure 3B). Here, too, the 95% CI of all slopes and intercepts included 1.00 and 0.00 indicating no proportional bias or constant error. For the three lymphocyte subpopulations, the direct comparison between FB and SMT cells revealed a very large correlation with r ≥ 0.983. With a few exceptions, the values were within the upper and lower LoA; comparing SMT vs. FB for CD4+, one value was without the 95% CI of the lower LoA. Biases were between −0.08 and − 0.01 ×109 c/L (differences ranging from −0.63–0.42 ×109 c/L), with minimal significance for CD4+ (Figure 4D; Supplementary Figure S3D and Table 3). Overall, with the anticipated exception of lymphocyte numbers, comparison between Diff counts and flow cytometry of both FB and fixed, frozen SMT samples revealed high correlation and agreement between methods. Comparison of lymphocyte subpopulations between FB and SMT samples showed only minimal differences, demonstrating that fixation and storage of blood samples in SMT tubes is possible.



3.4 Application to long-term stored clinical samples

Finally, we tested the applicability of our protocol for clinical samples using samples from an earlier FIP treatment study. Feline infectious peritonitis (FIP) is a fatal feline coronavirus (FCoV)-induced and immunologically mediated disease characterized by systemic granulomatous vasculitis and perivasculitis (25). Treatment of FIP diseased cats with oral GS-441524 led to a complete recovery of cats with a significant improvement of most clinicopathological parameters [hematological and clinical chemistry parameters including the acute phase protein serum amyloid A (SAA)], which can be highly elevated in cats with FIP during the initial 14 days of treatment (21). Throughout the study, SMT blood samples were obtained and stored at −80°C. The mean sample storage time was 2 years (plus/minus a few weeks, depending on when the cats were included into the study, see Supplementary Table S1 for detailed information). We analyzed SMT samples from five healthy cats (not infected with FCoV) and five cats with FIP on days 0, 7, 14, 28, 56, and 83 after treatment initiation and compared the obtained results with Diff performed on the day of sampling.

Strikingly, the thawing process of SMT samples from the FIP-diseased cats did not work successfully for any sample from days 0 and 7. Samples appeared visibly clotted and, after thawing and lysis, contained large amounts of debris from which no intact cells could be isolated (see Figure 5A, D0 + D7 for representative scatter plots). Accordingly, no comparison between Diff and flow cytometry could be made for D0 and D7 (Figure 5B).
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FIGURE 5
 Measurement of clinical SMT samples after long time storage (A) FSC/SSC profiles of SMT blood samples from one representative cat suffering from feline infectious peritonitis (FIP) before (D0), and during (D7, 14, 28, 56, and 83) antiviral treatment. (B) Absolute counts of all cell populations (neutrophils, monocytes, and lymphocytes) from five healthy control cats collected at a single timepoint and from five FIP cats at the indicated timepoints, analyzed with an automated hematology analysis at the day of sampling (Diff; blue Box plots) or by flow cytometry with fixed/frozen SMART Tubes (SMT; orange Box plots) up to 2 years post sampling. (C) Lymphocyte subpopulations (CD4+, CD8+, and CD21+) of indicated SMT samples after long time storage. Box plots include the second and the third quantile, whiskers include all values within the 1.5 interquartile range, dots outside the box represent outliers, dots inside the box the values; the horizontal line represents the median, the mean is presented as a cross.


In contrast, control samples and samples from days 28, 56, and 83 could be thawed and processed without any problems, including samples with even longer storage times than D0 and D7 (see Figure 5A, D14–D83 and Supplementary Table S1). On day 14, samples of three cats showed minor signs of clotting, which, however, did not affect further processing.

Owing to the limited sample size, a comprehensive statistical analysis was not conducted. Mean and distribution for neutrophils and monocytes was similar between Diff and SMT, while values for lymphocyte numbers obtained for SMT samples were consistently lower than those from the initial Diff (Figure 5B and Supplementary Table S3).

Importantly, it was possible to determine the number of lymphocyte subpopulations in all non-clotted samples, which revealed a largely identical number of CD8+ cells between control cats and the treatment group and considerable differences for CD4+ and CD21+ cells (Figure 5C).




4 Discussion

On-site sample processing during clinical trials is challenging. However, until now, EDTA samples from cats and other species had to be processed within a maximum of 48 h (7). The SMT system for whole blood was developed to allow for fixation and conservation at −80°C for a long period, but this technique had so far been only applied to human biological samples. In this study, the SMT protocol was successfully adapted for feline blood samples. A new flow cytometry protocol to address leukocytes, monocytes, neutrophils, and lymphocytes was established accurately separating lymphocytes into CD4+ T-helper cells, CD8+ cytotoxic T cells and CD21+ B cells even after prolonged storage of samples.

Only commercially available mAbs were used in the staining panel aiming for a wide availability. As the range of cat-specific and cross-reactive commercially available mAbs is currently very limited, while highly desirable to identify all T cells, no surface anti-CD3 or anti-TCR staining could be included. Though a feline CD3 monoclonal antibody recognizing a surface epitope has been described (26) this antibody is not commercially available and has so far rarely been used due to difficulties with conjugation. The anti-human CD3 monoclonal antibody clone CD3-12, targeting an intracytoplasmic epitope of CD3e and cross-reactive with CD3 molecules of multiple species, has been used and reported with success for the detection of feline T cells, and is commercially available conjugated to several different fluorochromes (27). However, this antibody requires permeabilization for intracytoplasmic staining, a step which we did not want to include in our initial protocol. But that could be an option for its further refinement. As potential alternative, staining for CD5 expression was reported as option to address all feline T cells (28) and several mAbs (f43; FE1.1B11) are commercially available. Both should be tested in future for their suitability in staining SMT-fixed cells.

From the tested mAbs, the potential monocyte marker anti-CD14 had to be omitted eventually as it did not show the desired staining specificity but instead resulted in an undistinguishable staining of monocytes and neutrophils. Some mAbs (an anti-CD4 and an anti-CD21 clone) worked well on FB but staining patterns were altered by fixation to a great extent, a well-known phenomenon, as fixation can affect cell membrane permeability leading to unspecific staining or disrupts the antibody’s epitopes leading to loss of staining (29, 30).

Finally, four mAbs specific for CD4, CD8, CD21 and MHC class II were identified showing excellent performance on both FB and SMT samples. Staining for CD4 and CD8 to address T-helper cells and cytotoxic T cells is common practice in cats (31–33). CD4 and CD8 expression on feline PBMC CD3+ cells are mutually exclusive and hardly any double positive cells were found in the present study as well as in previous studies (34). Still, it must be considered that in many species, e.g., dogs and pigs (35, 36), CD8 is also expressed on a subset of γδ T cells and in some species additional CD8 is found on NK cells (37–40). Due to the lack of feline TCR-specific mAbs to discriminate between αβ and γδ T cells and commercially available surface markers for NK cells, we could not address these cells. However, in dogs, a related species, with more available markers, only 0.5–3% of peripheral blood lymphocytes are CD8 expressing γδ T cells CD8 (41). Assuming that cats are also a γδ-low species and considering that about 15% of lymphocytes were CD8+, the content of CD8+ γδ T cells is probably only marginal. In addition, Vermeulen and colleagues showed, that feline NK cells represent only about 1–5% of PBL and only 10% of these cells express CD8, resulting in only 0.1–0.5% of CD8 expressing non-T cells (42). Thus, despite some limitations it seems justified to refer to the gated CD8+ cells as cytotoxic T cells. Unfortunately, the lack of CD3 staining prevents the identification of a potential small CD4-/CD8- double negative T cell population which was reported in other species (35).

CD21 is an established B cell marker in many species (19, 43, 44) and although the cat-specific anti-CD21 mAb did not work on SMT, the cross-reactive human clone with identical staining on FB could be included into the antibody panel. Nevertheless, as in other species, anti-CD21 staining probably does not address all stages of feline B cell differentiation. In other species like humans, B cells lose CD21 expression when they differentiate into plasmablasts (45) and the presence of some CD21−/immunoglobulin+ B cells, which is larger in cell size (FSC) and probably resembles plasmablasts was reported in feline blood (46). Activated memory B cells in humans and non-human primates also lose CD21 expression (47). It is therefore quite possible that CD21+ cells represent not all differentiation states of feline B cells and staining for the B cell receptor complex (e.g., with anti-CD79) might be an option to address further B cell subpopulations in the future.

However, it is highly likely that these CD21−B cell stages cells express MHCII and hence could be part of the MHCII+/marker-negative small cell population in the gating strategy.

In addition to B cells and monocytes, almost all other feline lymphocytes express MHC class II without prior activation, but neutrophils are MHC class II-negative (17). Hence, anti-MHCII staining were used to discriminate neutrophils and monocytes in the present study. Though comparison of monocyte numbers from an automated analyzer and the gating strategy of the SMT protocol showed a very large correlation, it must be mentioned that in many species monocytes express to a different extent CD4 (48). For example, in dogs next to the majority of MHCII+/CD4− monocytes two minor subsets of MHCII+/CD4+ and even MHCII−/CD4+ monocytes were identified (49). Hence, the small subset of larger cells in our CD4+ gate, instead being activated T helper cells, could also be monocytes. If antibodies are available, a possible solution to overcome this problem in the future studies would be the inclusion of a specific T cell or monocyte marker.

For validation of the used staining protocol with blood samples obtained from healthy cats, flow cytometry derived numbers of FB and SMT samples were compared to cell counts obtained by an automatic hematology analyzer. It is known that accuracy of automated leukocyte differentials particularly for animal species and especially the quantification of monocytes and basophils does not reach the accuracy of microscopic review. Though microscopic review of blood smears in this study was only performed when the automated differential was inconclusive, we have put up with this limitation as automated leukocyte counts were only used to verify agreement between methods and not accuracy of the real values.

The comparison revealed a very good agreement for the quantification of monocytes and neutrophils. Flow cytometry-based lymphocyte counts were generally lower than the automated counts, but still showed a very large correlation. A possible explanation for the reduced numbers could be that lymphocyte numbers were calculated as the sum of CD4+, CD8+, CD21+ and MHCII+/marker-negative/small cells, which does not include potential additional MHCII− lymphocytes, such as CD4−/CD8− T cells, NK cells and CD21− B cell subsets. In future studies, addition of an anti-CD18 mAb, which is reported as panleukocyte marker with good lymphocyte discrimination (50), might help to solve this issue, provided it works on fixed cells. However, considering a study evaluating the ProCyte Dx, one of the automated analyzers used in this study, the results showed good to excellent correlations for most different leukocyte counts, but deviations of up to 30% for lymphocyte counts (51). Therefore, results of the used flow cytometry protocol without anti-CD18 were satisfactory.

Comparison of lymphocyte subpopulations between FB and SMT samples showed a very large correlation and agreement with only minimal biases, demonstrating that fixation, freezing, and thawing and a second lysis step in the SMT protocol did not affect the number of T and B cells. Thus, the SMT technology can be successfully applied to feline blood samples. Though the validation was carried out on samples that had only been frozen for an average time of 2 days, the comparable results of the FB samples and the paired long-term SMT-fixed and frozen samples from FIP diseased (at the later study timepoints) and healthy control cats suggests that long-term preservation and processing is also possible with reliable results.

Availability of the SMT technology is of paramount importance for trial purposes, allowing for collection of biological samples during routine business and analysis of respective samples at a later time point. In addition, collection of samples can now be performed at various study site with sample analysis taking place in a different site or laboratory.

To assess applicability of the new feline SMT protocol in practice, SMT samples from cats in a FIP treatment study were investigated. Strikingly, in contrast to samples from healthy cats, not a single sample from a cat with FIP from day 0 to day 7 after treatment initiation could be analyzed. Regular thawing of SMTs was not possible, as the stabilized samples were visibly clotted and contained only large amounts of debris following lysis, and no intact cells could be isolated. Interestingly, one human study using SMTs for hospitalized COVID-19 patients reported similar results. The SMTs worked very well with healthy donor samples, but performance was poor with samples of a large number of acute COVID-19 patients. This was discussed to be related to polymerized fibrin or other plasma factors associated with COVID-19-associated coagulopathy (9). Cats with FIP can also develop disseminated intravascular coagulopathy due to activation of complement and clotting factors and marked vasculitis during the inflammatory process (52). Indeed, it is already known that inflammatory markers, such as SAA and alpha-1-acid glycoprotein (53), can be highly elevated in cats with FIP, which indicates a severe inflammatory response (54–57). Cats in the treatment study had very high SAA concentrations before and up to 7 days of treatment, which then decreased rapidly and were in the reference range by day 14 (21). The marked decrease of inflammatory markers in response to treatment indicates a strong attenuation of the hyperinflammatory FIP-mediated stage, and from the day of normalization of inflammatory markers on, SMT samples could be analyzed without problems. Although COVID-19 can also cause a strong inflammatory response in humans, affected SMT samples in the above-mentioned study were still processable with protocol modifications, which however, did not work with affected cat SMT samples of the present study. This might be explained by an even more pronounced inflammatory status in cats with FIP or an amplification of the effect by feline platelets, which, even in healthy cats, generally have a high tendency to clump after blood collection regardless of the collection technique (58).

Taken together, this first application of the newly established feline SMT flow cytometry protocol demonstrates a general possibility for flow cytometric analysis after long-term storage of full blood samples, and that in its current form can probably not be used for samples taken during a highly inflammatory state of a patient. Future experiments will need to address whether this phenomenon also occurs in other acute diseases such as septic conditions and severe bacterial infections or whether this is FIP-specific. In a next step it should be evaluated whether the sampling procedure can be modified for samples from such conditions.

In conclusion, in the present study we demonstrate for the first time that the SMT system is successfully applicable for feline full blood samples. Using our newly established protocol, samples can be collected, stabilized, sent to a laboratory for flow cytometric analysis, or stored to address later arising questions. In addition, the successful technology transfer from human to veterinary medicine will likely pave the way to its, albeit slightly modified, application in other animal species. This holds the potential to significantly improve and simplify workflows, subsequently enhancing the amount of knowledge that can be obtained from animal studies.
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Introduction: Programmed Death-Ligand 1 is a well-known immune checkpoint molecule. Recent studies evaluated its expression in different canine cancer types through different laboratory techniques. The present study aims to evaluate the surface membrane protein expression (mPD-L1) by means of flow cytometry (FC) in different canine lymphoma immunophenotypes. Furthermore, in a subset of cases, mRNA and plasmatic soluble protein (sPD-L1) have been assessed in the same patient, and correlations among results from the three analyses investigated.

Methods: Samples obtained for diagnostic purpose from untreated dogs with a confirmed lymphoma immunophenotype were included: surface protein was assessed via FC and quantified with median fluorescence index ratio (MFI ratio), gene expression was evaluated by real time quantitative polymerase chain reaction (RT-qPCR) and plasmatic concentration of soluble protein (sPD-L1) measured with ELISA. Statistical analyses were performed to investigate any difference among FC immunophenotypes, updated Kiel cytological classes, and in the presence of blood infiltration.

Results: Considering FC, most B-cell lymphomas (BCL) were positive, with higher MFI ratios than other subtypes (81%, median MFI ratio among positive samples = 1.50, IQR 1.21–2.03, range 1.01–3.47). Aggressive T-cell lymphomas had a lower percentage of positive samples (56%) and showed low expression (median MFI ratio in positive samples = 1.14, IQR 1.07–1.32, range 1.02–2.19), while T-zone lymphomas (TZL) were frequently positive (80%) but with low expression (median MFI ratio in positive samples = 1.19, IQR 1.03–1.46, range 1.02–6.03). Cellular transcript and sPD-L1 were detected in all samples, without differences among immunophenotypes. No correlation between results from different techniques was detected, but sPD-L1 resulted significantly increased in FC-negative lymphomas (p = 0.023).

Discussion: PD-L1 molecule is involved in canine lymphoma pathogenesis, with differences among immunophenotypes detected by FC. Specifically, BCL have the highest expression and aggressive T-cell lymphomas the lowest, whereas TZL need further investigations.
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1 Introduction

In both human and, more recently, veterinary oncology, therapeutic approaches for cancer are shifting from traditional chemotherapeutics to innovative strategies focused on anti-tumor immunity (1–5). The increasing interest in cancer immunotherapy has prompted a deeper exploration of molecules that influence the immune system, promoting or avoiding its reactivation and thus regulating cancer growth (6, 7).

Programmed Death-Ligand 1 (PD-L1) is a well-established immune checkpoint molecule, typically expressed by antigen-presenting cells. Its binding to Programmed Death-1 (PD-1) on T-lymphocytes initiates a signaling cascade culminating in the suppression of T-cell activation (8). When tumoral cells express PD-L1, the activation of immunosuppressive pathways through the PD-1/PD-L1 axis facilitates immune system evasion by cancer cells, thereby contributing to tumor progression (9–11). The use of inhibitors that block the interaction between PD-L1 and the PD-1 has demonstrated potential in preventing this phenomenon in several cancer types (3, 12, 13). In addition, the safety profile and clinical efficacy of an anti-canine PD-L1 monoclonal antibody were recently tested in a pilot study on 12 dogs with recurrent, metastatic, or resistant tumors following surgery, radiation, or chemotherapy, with significant results (5).

In dogs, either membrane PD-L1 (mPD-L1), mRNA and soluble protein concentration (sPD-L1) have been evaluated in various cancers, including mammary tumors, melanomas, and lymphomas (14–17). Considering canine lymphoma, Hartley and colleagues utilized flow cytometry (FC) to investigate PD-1 and PD-L1 expression both at the time of diagnosis and at relapse in nodal aspirates from dogs with B-cell lymphoma (BCL), T-cell lymphoma and healthy controls. The findings revealed an increase of PD-L1 expression in BCL, but not in T-cell lymphoma (18). In a separate study, Aresu et al. applied the RNA-scope technique to canine diffuse large B-cell lymphoma (DLBCL) histopathological sections and observed that an increasing amount of mRNA encoding for PD-L1 was associated with a worse prognosis (19). Finally, a study by Song et al. reported a significant difference in sPD-L1 plasmatic levels between healthy dogs and those with different tumors, including lymphoma (20). Notably, none of these studies assessed plasmatic, membrane protein expression, and cellular transcript in the same dog. Thus, nothing is known about the link among different forms of expression of PD-L1, leading to possible misinterpretation of results when considering studies using different techniques.

Here, our primary goal was to evaluate the different stages of PD-L1 expression in different canine lymphoma immunophenotypes. Results about transcript amount and sPD-L1 were compared to those obtained via FC in the same patient. This multiple approach aims to enhance the knowledge about the biological role of PD-L1 in dogs presenting with different lymphoma subtypes.



2 Materials and methods

Samples for the present study were prospectively enrolled at the FC service of the Veterinary Teaching Hospital (VTH), University of Milan, from August 2022 to December 2023. All samples were obtained for diagnostic purposes from lymph node (LN) aspirates of privately-owned dogs with suspect of lymphoma. An informed consent of the owner was always obtained. Thus, specific Ethical Committee approval to use leftover specimens for research purposes was not required (Ethical Committee decision 29 October 2012, renewed with protocol 02–2016, University of Milan).

Nodal aspirates were collected and processed for diagnostic FC as already described (21). If provided by the referring veterinarian, peripheral blood (PB) samples were processed as well, and infiltration by neoplastic cells was quantified as the percentage of cells showing the same morphological and phenotypical properties shown in the LN. A cutoff of ≥0.56% was applied to define positive PB samples. This cut-off was chosen in alignment with recommendations in the literature for DLBCL (22). However, it was uniformly applied to all samples, as no definitive analytic cutoff has been established for any other lymphoma subtype.

Cases were enrolled in the study if fulfilled the following inclusion criteria: (1) diagnosis of lymphoma based on clinical presentation, cytology and FC; and (2) adequate quality and cellularity for FC assessment of mPD-L1 expression. Cases were excluded if they were submitted for minimal residual disease (MRD) assessment in a dog already diagnosed and treated for lymphoma, or in the event of suspected relapse in a treated patient. Additionally, patients who had already undergone a chemotherapeutic agent before receiving a definitive lymphoma diagnosis were excluded.

Following FC assessment of mPD-L1 expression, when feasible, excess nodal material underwent centrifugation. The supernatant was removed, and the cell pellet was re-suspended in RNA-later (Invitrogen™ RNAlater Stabilization Solution™, catalog number AM7020) and stored at −20°C for assessment of transcript amount. If PB was available, centrifugation was performed, and plasma was separated and stored at −20°C for sPD-L1 quantification.

For each included case, the following data were recorded, if available: sex (female, spayed female, male, neutered male), breed (mixed, purebred), age (years), cytological subtype according to the updated Kiel classification (23), FC PB infiltration (presence/absence).


2.1 Flow cytometry

For FC assessment of mPD-L1, the LN sample was divided into three tubes, each containing 500,000 cells. Subsequently, 25 μL of a blocking solution containing 10% fetal bovine serum (FBS) and 0.2% sodium azide in RPMI 1640 (catalog number R0883) were added to each tube. The first tube served as an unstained control, the second as an isotypic control (Clone39, adivo GmbH, Germany), and the third was utilized to assess mPD-L1 expression (Clone1, adivo GmbH, Germany).

Both Clone39 and Clone1 were isolated from adivo’s proprietary fully canine antibody library using phage display methodologies (adivo GmbH, Germany). Antibodies are fully canine and belong to the IgG HC-B subtype and containing a lambda light chain. Clone1 was selected against recombinant canine PD-L1 and tested for binding recombinant antigen in Enzyme-Linked Immunosorbent Assay (ELISA) as well as for its ability to recognize native canine PD-L1 expressed on HEK-293 cells and endogenous PD-L1 on the squamous cell carcinoma cell line SCC1. In addition, the antibody was checked for unspecific binding to unrelated proteins, such as protein that were present during the antibody selection process, e.g., FBS and other blocking reagents. Moreover, binding to untransfected HEK-239 cells was tested demonstrating no stickiness/binding to unrelated proteins on the surface of cells (data not shown). Clone39 was raised against an unrelated protein by similar methodologies. Antibodies were biotinylated using No-Weigh™ EZ-Link Sulfo-NHS-LC-Biotin kit (Thermo Fisher Scientific, catalog number A39256) according to the manufacturer instructions and were tested side-by-side with the non-biotinylated variant to ensure that biotinylation did not impair antigen binding. Antibodies used in FC experiments were diluted to achieve the same concentration.

After 10 min of incubation at room temperature and a washing step, 1 μL of an avidin kit (Avidin, Alexa Fluor™ 488 conjugate, Thermo Fisher Scientific, Waltham, Massachusetts, USA, catalog number A21370) was added to each tube. Both antibodies and avidin kit were titrated before use to determine the optimal working dilutions, utilizing a canine lymphoma cell line (CLBCL-1) previously reported to express PD-L1 (14). The tubes incubated for 10 min and finally were washed and resuspended with Phosphate Buffered Saline Solution (PBS) for acquisition at the flow cytometer. All samples were acquired with the same flow cytometer (BriCyte E6, Mindray, Shenzen, China), with constant settings and compensation matrices and data were analyzed with “MRflow” software (Mindray) by a single experienced operator (VM). Analyses were restricted to neoplastic cells, by setting a gate in an FSC versus SSC scattergram after doublets exclusion (Figure 1). The degree of mPD-L1 expression was calculated as the ratio between the Median Fluorescence Index (MFI) of the anti-PD-L1 antibody-stained tube and the isotypic control one (MFI ratio). Samples were considered positive if MFI ratio was >1, negative if it was =1.
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FIGURE 1
 Gating strategy applied to assess PD-L1 expression via flow cytometry in 93 lymph node aspirates from dogs with lymphoma. First, samples were labeled to identify neoplastic cells based on phenotype (A–E). Then, the same gating strategy was applied to the tubes incubated with anti-PD-L1 antibody and the respective isotypic control (F–H). (A) Density plot, all events are shown; a gate (P1) was set to exclude platelet and debris. (B) Density plot, P1 events are shown; a gate (P2) was set to exclude doublets. (C) Density plot, P2 events are shown; neoplastic cells are identified based on cell size and phenotype; in the example shown, a gate (P3) was set to include only large CD21-positive cells. (D) Dot plot, P2 events are shown; P3 neoplastic cells are back-colored (blue dots). (E) Dot plot, P2 events are shown; a gate P4 was set to include only neoplastic cells based on the distribution of blue dots in panel (D). (F) Density plot, all events are shown; P1 gate was copied and pasted from panel (A), to exclude platelet and debris. (G) Density plot, P1 events are shown; P2 gate was copied and pasted from panel (B), to exclude doublets. (H) Dot plot, P2 events are shown; the gate (P3) was copied and pasted from panel (E) (P4) to include only neoplastic cells. (I,J) Histogram overlay showing FITC-fluorescence in PD-L1 stained tubes (green line) compared with the respective isotypic control (red line); both samples shown were considered positive for PD-L1 expression, with lower (I) and higher (J) median fluorescence intensity (MFI) ratio.




2.2 Enzyme-linked immunosorbent assay (ELISA)

Plasmatic sPD-L1 levels were quantified using the specific Canine PD-L1 ELISA kit (MyBioSource Inc., San Diego, USA, catalog number MBS9349782) following the manufacturer’s protocol as suggested by Song et al. (20). This kit applies the competitive ELISA technique, using a polyclonal anti-PD-L1 antibody and a PD-L1- HorseRadish Peroxidase (HRP) conjugate, where the sample PD-L1 and PD-L1-HRP conjugate compete for binding to the anti-PD-L1 antibody site. Undiluted canine plasma samples and standard sPD-L1 samples (ranging from 10 to 0.5 ng/mL), always tested in duplicates, were incubated together with the PD-L1-HRP conjugate in an anti-sPD-L1 pre-coated plate for 1 h at 37°C. After washing the wells five times, the plate was incubated with the HRP enzyme substrate for 15–20 min at 37°C avoiding sunlight. At the end of the incubation, a stop solution (sulfuric acid, 0.18 M) was added, causing wells to change color from blue to yellow. The color intensity was measured with an ELISA microplate reader (Titertek Multiskan, Flow Laboratories, McLean, VA, USA) at 450 nm, expressing the results as Optical Density (OD). Given the competitive nature of the ELISA, the color intensity was inversely proportional to the concentration of PD-L1. The concentrations of canine plasma sPD-L1 were interpolated from the standard curve.



2.3 RNA extraction and RT-qPCR

Total RNA was extracted by using TRIzol reagent (Invitrogen, catalog number 15596026), according to manufacturer’s instructions for tissue samples. After quantification by QUBIT Fluorimeter, cDNA was synthesized starting from 1 μg of total RNA using the QuantiTect Reverse Transcription kit (Qiagen, catalog number 205311).

To assess the relative amounts of the PD-L1 gene expression, real-time quantitative PCR (RT-qPCR) was performed using IQ SYBR Green Supermix (BioRad, catalog number 1708882) and IQ5 Thermocycle (BioRad). GAPDH was used as housekeeping gene and RT-qPCR experiments were performed in duplicate. Quantitative RT-PCR primer sequences were as follows: primer pair PD-L1 5′-GAGAATCACAGGCACCTACAA-3′ (forward) and 5′-CGACAAGACTCCAAAGACTCAA-3′ (reverse) and primer pair GAPDH 5′-GGCACAGTCAAGGCTGAGAAC-3′ (forward) and 5′-CCAGCATCACCCCATTTGAT-3′ (reverse).

Gene expression was calculated using the formula of 2−ΔΔCt (fold increase), where [image: image] and ΔCt is the Ct of the target gene subtracted from the Ct of the housekeeping gene.



2.4 Statistical analysis

For statistical purposes, enrolled cases were subdivided into BCL, T-zone lymphomas (TZL) and T-cell lymphoma-Not Otherwise Specified (T-NOS) as previously reported (24). This was due to the distinctive morphology and phenotype of TZL, which predict an indolent clinical behavior (25–27). Conversely, despite marginal-zone lymphomas (MZL) being traditionally classified as an indolent subtype, they were included in the BCL group, due to their FC features, clinical behavior, and prognosis overlapping with those of DLBCL (28).

Data distribution for continuous variables was assessed with a Shapiro–Wilk test and visual inspection of histograms and q-q plots. Normally distributed data are presented as mean and standard deviation, whereas non-normally distributed data are presented as median and range. Thereafter, differences in MFI ratio, transcript amount and sPD-L1 concentration among the three lymphoma immunophenotypes (BCL, T-NOS and TZL) and among different cytological subtypes were assessed with Kruskal-Wallis or ANOVA test and appropriate post-hoc analyses (Mann Whitney test with Bonferroni correction for multiple comparisons).

Two contingency tables were prepared to calculate possible differences in FC positive and negative samples among different immunophenotypes and cytological subtypes, respectively. Fisher’s exact test was applied.

Mann–Whitney and Student t test were applied to assess differences in PD-L1 transcript amount and sPD-L1 concentration between FC positive and negative samples, and possible difference in sPD-L1 concentration between infiltrated and non-infiltrated PB samples. Spearman non-parametric correlation was applied to assess possible correlation between MFI ratio, fold increase in transcript amount, and sPD-L1 concentration. Immunophenotype was not considered for these tests.

All analyses were performed with SPSS v 28.0 for Windows, and significance was set at p ≤ 0.05 for all tests.




3 Results

In total, 93 dogs were enrolled in the present study. PD-L1 expression was investigated in all cases via FC, in 41 (44.1%) via ELISA, and in 31 (33.3%) via qPCR. Twenty-one (22.6%) cases were tested with all techniques.

Among the enrolled dogs, there were 30 (33.3%) mixed-breed and 60 (66.7%) purebred dogs, whereas the breed was not reported in 3 cases. Sex was reported for 90 dogs, including 39 (43.3%) males, 27 (30.0%) spayed females, 16 (17.8%) females, and 8 (8.9%) neutered males. The mean age at diagnosis was 8.8 ± 3.0 years.

Considering lymphoma subtype, 58 (62.4%) dogs were diagnosed with BCL, 25 (26.9%) with T-NOS, and 10 (10.7%) with TZL. In 64 cases, a cytological smear was available for review, leading to the following classification: 27 (42.2%) centroblastic polymorphic, 10 (15.6%) pleomorphic mixed, 8 (12.5%) centroblastic monomorphic, 8 (12.5%) small clear, 4 (6.2%) plasmacytoid, 3 (4.7%) pleomorphic large, 3 (4.7%) marginal zone, and 1 (1.6%) was defined as unclassified. Peripheral blood infiltration was tested in 71 cases (54 positive, 76%).


3.1 Flow cytometry

Surface membrane expression of PD-L1 was detected in 69 (74.2%) samples via FC, with a median MFI ratio of 1.38 (IQR 1.12–1.80; range 1.01–6.03) among positive samples. The remaining 24 (25.8%) samples had an MFI ratio equal to 1 and were considered negative. Results among different lymphoma immunophenotypes are shown in Figures 2, 3. Based on the Fisher’s exact test, the prevalence of mPD-L1-positive samples among the three lymphoma categories was not significantly different (p = 0.063; Figure 2 and Table 1). Considering positive samples, the median MFI ratio significantly varied among BCL, T-NOS and TZL (p = 0.011; Figure 3A and Table 1). In particular, post-hoc analyses revealed a significantly higher MFI ratio in BCL than in T-NOS (p = 0.023), but no difference either between BCL and TZL or between T-NOS and TZL. One TZL sample had an outlier MFI ratio of 6.03. When considering Kiel subtypes, no difference in the prevalence of positive samples and median MFI ratio was detected (p > 0.050 for both analyses).

[image: Figure 2]

FIGURE 2
 Stacked bar plots showing the percentage of samples expressing PD-L1 protein on the surface of neoplastic cells, assessed via flow cytometry on nodal aspirates from 93 dogs, according to lymphoma subtype. Green column: positive samples. Red column: negative samples. BCL, B-cell lymphoma; TZL, T-Zone lymphoma; T-NOS, T-cell lymphoma-Not Otherwise Specified.


[image: Figure 3]

FIGURE 3
 Boxplots showing the level of expression of PD-L1 assessed with different techniques, according to lymphoma subtype. BCL, B-cell lymphoma; TZL, T-Zone lymphoma; T-NOS, T-cell lymphoma-Not Otherwise Specified. The boxes with different superscript letters are significantly different. (A) Degree of expression on the surface of neoplastic cells, assessed via flow cytometry and quantified as the ratio between the Median Fluorescence Index (MFI) of the anti-PD-L1 antibody-stained tube and the isotypic control one (MFI ratio). Only positive samples are shown (69 dogs). One TZL case with an extremely high MFI ratio was excluded from the figure to ameliorate the graphical aspect. (B) Fold increase in transcript amount, assessed via RT-qPCR in 31 cases. One TZL [same case excluded in panel (A)] with an extremely fold increase was excluded from the figure to ameliorate the graphical aspect. (C) Plasmatic concentration of soluble PD-L1, assessed via ELISA in 41 cases.




TABLE 1 Median MFI ratio, fold increase in the transcript amount and mean plasmatic concentration of sPD-L1 in a group of dogs with lymphoma, according to immunophenotype of neoplastic cells.
[image: Table1]



3.2 qPCR

PD-L1 transcript was detected in all 31 samples tested via qPCR. Among them, 19 (61.3%) were BCL, 8 (25.8%) were T-NOS and 4 (12.9%) were TZL. Overall median fold-increase in transcript amount was 0.23 (IQR 0.16–1.40; range, 0.01–5.45), with no differences among lymphoma immunophenotypes (p = 0.247; Figure 3B and Table 1) and Kiel subtypes (p = 0.597). However, none of the T-NOS samples had a fold-increase >1, differently from BCL (8 samples out of 19, 42.1%) and TZL (1 sample out of 4, 25.0%). The TZL sample with an outlier MFI ratio had a 5.45-fold increase in PD-L1 transcript amount.



3.3 ELISA

Plasmatic sPD-L1 was detected in all 41 samples tested via ELISA. Among them, 28 (68.3%) were BCL, 9 (22.0%) were T-NOS and 4 (9.7%) were TZL. The overall mean sPD-L1 concentration was 7.88 ± 3.78 ng/mL, with no differences observed among lymphoma immunophenotypes (p = 0.993; Figure 3C and Table 1) and Kiel subtypes (p = 0.360). Finally, sPD-L1 concentration did not vary between dogs with and without PB infiltration (p > 0.050).



3.4 Comparison among techniques

When comparing FC positive and negative samples, no difference in fold increase of transcript amount was detected (31 samples, p = 0.486), whereas sPD-L1 concentration was significantly higher in FC negative samples (41 samples, p = 0.023). Indeed, mean sPD-L1 concentration was 6.95 ± 3.39 ng/mL in FC positive samples and 10.13 ± 3.87 ng/mL in FC negative samples.

When restricting analyses to FC positive samples alone, 22 samples were included to compare MFI ratio and fold increase in transcript amount, while 29 were included to compare MFI ratio and sPD-L1. No significant correlation between MFI ratio and either fold increase in transcript amount or sPD-L1 concentration was found (p = 0.254 and p = 0.150, respectively).




4 Discussion

To the authors’ knowledge this is the first comprehensive assessment of PD-L1, combining evaluation of surface membrane expression, cellular transcript amount, and plasmatic concentration within the same patient in different canine lymphoma subtypes.

Overall, surface membrane protein expression by FC was detected in the majority of samples (74.2%). However, even among positive samples, the median MFI ratio was quite low, thus suggesting that canine lymphomas often express PD-L1, but with a substantial low level. This result aligns with previously published data, indicating lower PD-L1 expression in canine lymphomas compared to other cancers examined in vitro (29). Speculatively, this might suggest that lymphomas may exhibit a mild to low response to immunotherapy targeting PD-L1/PD-1 axis. Higher PD-L1 expression has been reported in chemotherapy-resistant than non-chemotherapy selected lymphoma cells in dogs (18). Thus, future studies including lymphoma relapses, may lead to results different from ours. In this perspective, PD-L1 immunotherapy could represent a more reliable rescue treatment than a first-line option.

Herein, BCL exhibited a significantly higher likelihood of being positive, and when positive, demonstrated a higher degree of expression compared to T-NOS, in line with the literature (14, 18). In particular, Hartley et al. (18) reported a higher expression of surface protein in neoplastic B-cells compared to their non-neoplastic counterparts, whereas this phenomenon was not observed in T-cells. Taken together, the data suggest a more significant role of PD-L1 in BCL than in T-NOS, possibly due to its suppressive activity on non-neoplastic anti-cancer T-cells (8). Concerning TZL, there is currently a lack of data on PD-L1 expression. In our case series, they showed a high prevalence of positive samples, comparable to BCL (80 and 81%, respectively) (Figure 2). Conversely, they exhibited a low MFI ratio, similar to T-NOS (Figure 3A). Most likely, the lack of statistical significance regarding TZL could be attributed to the relatively low number of cases enrolled.

Interestingly, among the 10 TZL samples assessed by FC, an outlier case with an extremely high MFI ratio and transcript amount was observed. In this dog, the concentration of sPD-L1 was only slightly over the mean value. The dog, a 13-years-old Akita Inu neutered female, received no treatment after diagnosis, and unfortunately died of causes unrelated to the neoplasm within 35 days. Consequently, no further insights could be drawn regarding the clinical relevance of the outlier PD-L1 expression. Nevertheless, reporting this case may provide valuable information related to either the biological variability of the cancer or the patient itself.

Concerning PD-L1 transcript, Ambrosius et al. (30) reported a greater expression in LN from dogs with DLBCL than from healthy controls, even if no statistical analysis was performed. Based on the lack of differences among lymphoma subtypes in the present study, it is plausible that the results obtained by Ambrosius and colleagues were associated with the presence or absence of lymphoma rather than the specific subtype considered. The same study failed to identify a prognostic role for PD-L1 transcript amount (30). Conversely, Aresu et al. found that the increased PD-L1 score quantified by RNAscope was associated with a higher risk of progression and tumor-related death in dogs with DLBCL (19). In the present study, prognostic evaluations were not performed. Thus, prognostic relevance of PD-L1 transcript amount is still controversial.

As for soluble protein, Song et al. (20) reported a difference of plasmatic concentrations between healthy and tumor-bearing dogs without assessing whether any difference existed among cancer histotypes. In the present study, no healthy dogs were included for comparison, since we only focused on lymphoma-bearing dogs. The sPD-L1 values we obtained were higher than those reported in literature (20), with no differences based on lymphoma subtype or presence of PB infiltration. This is likely due to the fact that, differently from the study of Song et al. (20), patients with comorbidities were retained in the present study, possibly leading the lymphoma-unrelated increase of sPD-L1. Inclusion of such dogs was aimed at enrolling a case-load representative of the standard population of oncological patients, with possible co-morbidities often linked to aging. Pairwise, the same cause might explain the lack of correlation between surface expression and soluble protein, as also documented in human medicine (31, 32). Unfortunately, most of the samples included in the present study were sent from referring veterinarians across Italy, and a complete anamnesis was scarcely available, preventing us from assessing the influence of other clinical variables on the concentration of sPD-L1. Nevertheless, the presence of sPD-L1, irrespective of its biological origin, should be considered in the context of immunotherapies, as it has the potential to bind and saturate the administered antibodies. Therefore, investigating its variation in a patient’s plasma and assessing it before initiating anti-PD-L1 therapies might aid in planning treatment dosage to achieve optimal effects during clinical trials.

When comparing the three techniques, the only significant result was found with sPD-L1 and FC. In particular, the sPD-L1 resulted significantly more concentrated in FC-negative cases. This could be explained by different mechanisms, including sPD-L1 release by non-neoplastic cells (i.e., dendritic cells) (33), and enzymatic cleavage of the protein on the surface of neoplastic cells (34, 35), leading to higher amount of soluble protein, while less surface protein remained.

Another interesting result is that the amount of cellular transcript does not seem to correlate with either mPD-L1 or sPD-L1. This has implications when selecting the technique to evaluate PD-L1 during future clinical trial involving immunotherapy. In the therapeutic context of human medicine, this has been already considered, and assessing surface proteins is recommended (36, 37). Relying only on mRNA expression might be misleading when trying to predict expected results of PD-L1 antibody administration.

The major pitfall of the present study is linked to the low caseload for some specific lymphoma subtypes, which might have affected the significance of statistical analyses. Anyway, the sample pool was representative of the reported prevalence of lymphoma subtypes in the canine population, with BCL being more frequent than T-NOS and TZL (38, 39). Similarly, the low number of samples analyzed by qPCR and ELISA could have impacted on the significance of those results, and it would be interesting in the future to collect a larger number of cases to eventually confirm our results.

A second limitation is that the population of neoplastic cells in FC was identified based on morphological properties (FSC) without employing a multicolor approach. This was due to the fact that the staining kit showed an undesired fluorescent signal in different channels, which was difficult to remove even with relevant compensation. The identification of neoplastic cells via FSC is usually straightforward in clinically aggressive lymphomas, mostly constituted by large cells. On the other hand, identification of neoplastic cells based on FSC is more challenging for TZL and it is possible that a proportion of residual lymphocytes has been included in the analysis, while a proportion of neoplastic cells has been excluded. However, such a condition is not likely to have grossly biased MFI ratio analysis, since TZL cells represented the vast majority of the population within each sample, and their FSC is actually higher than the one of residual lymphocytes (40), although perhaps less immediately identifiable by unexperienced operators. No further small cell lymphoma was included in the present study.

Lastly, clinical and follow-up data, when retrieved, were fragmentary, thus preventing us from including them. Future studies assessing correlations between the variables evaluated and prognosis are warranted.



5 Conclusion

PD-L1 is often expressed on cells’ surface in canine lymphomas, typically with low intensity. BCL are frequently positive and have the highest amount of surface protein compared to TZL and T-NOS. Although cellular transcript resulted present in all samples, no correlation with lymphoma categories or other techniques was found. sPD-L1 is higher in the samples with no surface protein expression, as possible result of the cleavage and release of surface proteins in the plasma.

Future studies should carefully consider the technique for assessing PD-L1 expression, since results are not correlated and interchangeable. This consideration is crucial when admitting dogs with lymphoma to immunotherapies targeting the surface membrane PD-L1.
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Flow cytometric-based detection of CD80 is a useful diagnostic marker of acute myeloid leukemia in dogs
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Introduction: CD80, a co-stimulatory molecule required for optimal T cell activation, is expressed on antigen-presenting cells, including monocytes and dendritic cells, in dogs and humans. We hypothesized that CD80 would be expressed on tumor cells in dogs from acute myeloid leukemia (AML) but not dogs with lymphoid neoplasms.

Methods and results: We first evaluated the cellular staining pattern of a hamster anti-murine CD80 antibody (clone 16-10A1, ThermoFisher Scientific Cat# 17–0801-82, RRID: AB_469417) in blood and bone marrow aspirates from healthy dogs. Using flow cytometric analysis and examination of modified Wright’s-stained cytologic smears of unsorted and flow cytometric or immunomagnetic bead-sorted leukocytes, we show that the antibody binds to mature and immature neutrophils and monocytes, but not lymphocytes or eosinophils, in blood and bone marrow. We then added the antibody to routine flow cytometric panels for immunophenotyping hematopoietic neoplasms in dogs. We found that the antibody labeled tumor cells in 72% of 39 dogs with AML and 36% of 11 dogs with acute leukemia expressing lymphoid and myeloid markers (“mixed lineage”) but none of the dogs with B (n = 37) or T (n = 35) lymphoid neoplasms. A higher proportion of tumor cells in dogs with AML were labeled with the anti-CD80 antibody vs antibodies against other myeloid-associated antigens, including CD4 (36%, p = 0.003), CD11b (44%), CD11c (46%), CD14 (38%, p = 0.006) and CD18 (59%, clone YFC118). In contrast, antibodies against CD11b and CD11c bound to tumor cells in 8–32% of the lymphoid neoplasms.

Discussion: We show that CD80, as detected by antibody clone 16-10A1, is a sensitive and specific marker for AML and would be useful to include in flow cytometric immunophenotyping panels in dogs.
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1 Introduction

Immunophenotyping with flow cytometry is a powerful tool used to help determine the cell lineage of hematopoietic neoplasms, including acute leukemia and lymphoma, in dogs. To identify normal and neoplastic canine leukocytes, diagnostic laboratories offer immunophenotyping panels, which typically include antibodies against the following surface antigens: T cell—CD3, CD5, CD4, CD8; B cell—CD21; monocyte—CD14; stem cell—CD34; common leukocyte—CD45; and major histocompatibility class II (MHCII), which is expressed on lymphocytes and monocytes in healthy dogs. Individual laboratories or investigators may also test for other antigens, such as CD22 (B cell) (1–3), CD25 (activated T and B cells or regulatory T cells) (4–8), CD11b and/or CD11c (neutrophils and monocytes) (2, 3, 9–12), CD61 (megakaryocytes) (3, 12, 13) and myeloperoxidase (an intracellular enzyme in neutrophils, eosinophils and monocytes) (9).

Acute leukemia in dogs is generally categorized as acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), and acute undifferentiated leukemia (AUL). In humans, there are also acute leukemias of ambiguous lineage, which include AUL and mixed phenotype acute leukemia (MPAL), where the tumor expresses markers of more than one lineage on the same or different cell populations (14, 15). The entity of MPAL has not been definitively described in dogs, although we have seen dual expression of lymphoid and myeloid antigens in individual dogs with acute leukemia (2, 3). In dogs with acute leukemias, regardless of lineage, tumor cells often express the stem cell marker, CD34, while lacking MHCII (2, 3, 16), thus the different types are distinguished by expression of lineage-associated antigens. To diagnose an AML with flow cytometric analysis, tumor cells should express one or more of the myeloid-associated antigens (CD11b, CD11c, CD14, or CD4 without CD3 or CD5) (2, 3, 9–13, 16). Recently, a specific clone against human CD18 (YFC118.3) was found to be a useful antibody for the flow cytometric diagnosis of AML (16), because this clone primarily labels monocytes and neutrophils in normal dogs (17). A cut-off of >18% CD18+/MCHII−/CD4− cells was used in a proposed algorithm to diagnose AML in dogs with an acute leukemia consisting of >10% or > 1 × 109/L CD34+/MHCII− cells (16). B- and T-ALL are distinguished by the solitary or combined expression of CD21 or CD22 and CD3 or CD5, respectively. However, it is difficult to distinguish B or T cell lymphoma from an ALL when tumor cells from lymphoma are found in high proportions in blood or bone marrow or both. Per WHO criteria, a blast cut-off of 25% in bone marrow is used to distinguish between a T and B precursor ALL from lymphoma (15). Acute leukemias that lack lineage-associated antigens are often categorized as AUL as a diagnosis of exclusion (11, 18). However, the term “acute leukemia-un-phenotyped” is preferred instead of AUL, because we lack antibodies against other lineage-associated markers in dogs (e.g., CD133, CD13, CD2, CD7, CD19), and cytochemical staining may help facilitate a diagnosis of AML in such cases (2, 3). It can be difficult to conclusively diagnose AML on flow cytometric analysis. Myeloid-associated antigens are not expressed on all cases of AML and may not be included in flow cytometric panels, which can result in a diagnosis of AML being based on lack of expression of classic lymphoid-associated antigens (usually CD3, CD5, and CD21) (13). There are only a limited number of antibodies that detect canine myeloid antigens and several of these antigens are also expressed on T cells, such as CD11d (19), or are intracellular antigens, requiring additional steps of fixation and permeabilization, such as myeloperoxidase (9). In addition, there is cross-lineage expression of markers, including CD5, CD22 and CD18, on leukemic cells in ALL and AML (2, 3, 16), which can confound determination of the involved lineage in an acute leukemia. Distinction between AML and ALL is important because dogs may be treated with different chemotherapeutic protocols, such as doxorubicin-cytosine arabinoside- and cyclophosphamide-doxorubicin-vincristine-prednisolone (CHOP)-based protocols, respectively (20, 21). To improve our ability to confidently diagnose AML on flow cytometric analysis, it would be useful to find antibodies against other myeloid antigens that could be added to standard flow cytometric panels.

CD80 (also known as B7.1/B7-1/BB1) is part of the B7 family of immunoglobulin-like proteins that is expressed on antigen-presenting cells, including monocytes, macrophages, and dendritic cells, in humans and mice. CD80 functions as a co-stimulatory molecule for T cells, via binding to CD28 or CD152 (CTLA4) in T cell membranes (22, 23). In dogs, CD80 expression has mostly been described in dendritic cells, including those from the skin, Peyer’s patches, and mesenteric lymph nodes, using flow cytometric analysis and immunostaining of tissue sections (24, 25). In addition, cytokine-stimulated cultured dendritic cells and polarized inflammatory macrophages derived from peripheral blood mononuclear cells (PBMCs) upregulate CD80 on flow cytometric analysis (26, 27). A subset of monocytes in blood express CD80 with flow cytometry (28). Since monocytic variants are the most common subtype of AML in dogs (2, 3, 11, 13), we reasoned that if CD80 is expressed on normal canine monocytes, it may be a helpful flow cytometric marker to confirm AML in a dog with acute leukemia. We performed a generic search for commercially available anti-CD80 antibodies that are cross-reactive for canine cells and found an Armenian Hamster anti-murine CD80 antibody (clone 16-10A1, ThermoFisher Scientific Cat# 17–0801-82, RRID: AB_469417). Preliminary testing showed this antibody labeled canine monocytes and, unexpectedly, neutrophils in residual blood samples that were submitted for routine hematologic analysis in the Clinical Pathology laboratory of the Animal Health Diagnostic Center (AHDC) at Cornell University. Even though the expression pattern was different than expected, given that the antibody bound to neutrophils and monocytes in canine blood, we hypothesized that when using this antibody, CD80 would be a flow cytometric marker of AML, but not lymphoid neoplasms, in the dog. We had these study objectives: (1) Verify the leukocyte labeling pattern of the anti-CD80 antibody using flow cytometric analysis on blood from healthy dogs, (2) Determine which cells in bone marrow aspirates from healthy dogs were labeled with the anti-CD80 antibody, and (3) Test our hypothesis by including the anti-CD80 antibody in flow cytometric panels used to immunophenotype canine hematopoietic neoplasms, including leukemia and lymphoma.



2 Materials and methods


2.1 Collection and source of samples

For objective 1, blood from healthy dogs was collected into EDTA anticoagulant-containing vacutainer tubes (BD Biosciences, Franklin Lakes, NJ, United States) by jugular or cephalic venipuncture. The healthy dogs were research animals housed at our institution or owned by students, faculty, and staff, and blood was obtained with owner consent. For objective 2, bone marrow was aspirated from the humeri of research beagles housed at our institution. Blood and bone marrow sample collection was approved by the Institutional Animal Care and Use Committee (#2009–0085). For objective 3, we used data from two sources: (1) Blood, aspirates from bone marrow, lymph node or masses, and body cavity fluid samples collected from dogs with hematopoietic neoplasia that were submitted to the AHDC for immunophenotyping as part of routine diagnostic service. These samples and data become the property of the AHDC after submission; (2) Blood, bone marrow or lymph node aspirates collected from dogs, with client consent, as part of an ongoing research study on acute leukemia. Data collection for the study herein ceased on July 6, 2023. Two immunophenotyping panels were used: One for acute leukemia and one for lymphoma. For routine immunophenotyping, the panel was chosen by the requesting clinician, with or without consultation with a clinical pathologist at our institution. Typically, lymphoma panels were requested for lymph node aspirates, acute leukemia panels were requested for bone marrow, mass or body cavity fluid aspirates, and both panels were run on blood samples. The acute leukemia panel was used for the research study. Each panel consisted of antibodies against various markers, with all panels including the anti-CD80 antibody. In cases phenotyped after April 2021, including all cases in the research study, we used triple-marker antibody combinations; before April 2021, the same antibodies were used as single markers with a few double-marker combinations (Tables 1, 2). Additional conjugated and unconjugated antibodies against other antigens were used as single markers in the acute leukemia panel, e.g., CD61-phycoerythrin (Beckman Coulter Cat# IM3605, RRID:AB 131237) and the α and β chain of the T cell receptor (TCRαβ, Peter Moore, clone CA15.8G7).



TABLE 1 Conjugated antibodies used for triple-labeling cells in acute leukemia immunophenotyping panels after April 2021, including their target antigen and registry number (when available) or source.
[image: Table1]



TABLE 2 Conjugated antibodies used for triple-labeling cells in a lymphoma immunophenotyping panel used for routine diagnostic testing after April 2021, including their target antigen*.
[image: Table2]



2.2 Antibody labeling of normal canine leukocytes in blood and bone marrow aspirates

Because the intended application of the antibody was for flow cytometric-based immunophenotyping, we used flow cytometric analysis to verify the labeling pattern of the anti-CD80 antibody in healthy canine blood in three ways: (1) Double- or triple-labeled analysis of normal dog leukocytes; (2) Flow cytometric-based sorting of anti-CD80 and -CD14 double-labeled leukocytes followed by cytologic analysis of sorted cells, using CD14 as a monocyte marker; and (3) Isolation of leukocytes followed by flow cytometric labeling with the anti-CD80 antibody. Monocytes, T cells and B cells were isolated by immunomagnetic bead-labeling, whereas neutrophils were isolated by double-density centrifugation followed by red blood cell (RBC) lysis. The same antibodies were used for verification of staining pattern of the anti-CD80 antibody and immunophenotyping of clinical cases (Table 1).

For the bone marrow aspirates, we labeled bone marrow mononuclear cells (BMMC) with the anti-CD80 antibody and then performed: (1) Flow cytometric analysis; and (2) Sorting for cells labeled with the anti-CD80 antibody followed by cytologic analysis of the positively and negatively stained sorted cells. All reagents were from Sigma-Aldrich (St Louis, MO, United States), unless otherwise specified.


2.2.1 Double- or triple-labeled flow cytometric analysis of normal dog leukocytes with CD80 and monocyte, T and B cell markers

After lysis of RBCs with ammonium chloride, cells were resuspended in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) and 0.05% sodium azide (PBSA). The following antibody combinations were then incubated with the cells for 30 min on ice with the anti-murine CD80-allophycocyanin (APC) antibody (0.01 mg/mL final antibody concentration): (1) Antihuman-CD14-phycoerythrin (PE) (final concentration 0.6 ug/mL) for monocytes; and (2) Anti- human CD21-PE (1:25 dilution) and anti-canine CD5-fluoroscein isothiocyanate (FITC) (1:100 dilution) for B and T cells, respectively. The cells were washed in PBSA and resuspended in PBS for analysis with a flow cytometer (BD FACSCalibur™, BD Biosciences), using appropriate compensation settings. Isotype and unlabeled cells were included in separate tubes. FloJo™ software was used for analysis (version 10, Ashland, OR, United States), excluding lysed RBCs and cellular debris. For the CD80 vs. CD14 double labels, the cells were separated into different gates (lymphocytes, monocytes and neutrophils), based on their characteristic forward (FSC) and side scatter (SSC) and the percentage of cells labeled with the anti-CD80 antibody (CD80+) and their CD80 median fluorescent intensity (MFI) was recorded for each gate. For the triple labels of CD80 vs. CD21 and CD5, all cells were examined for dual expression of CD80 and each lymphocyte antigen. The analysis was repeated on samples from 3 to 4 different dogs.



2.2.2 Single-labeled flow cytometric analysis of canine bone marrow mononuclear cells

Bone marrow was aspirated into a syringe containing 1.5 mL 3.8% sodium citrate, filtered (70 μm, BD Biosciences), layered on a double-density gradient with 1.119 Histopaque and 1.077 Ficoll paque plus (Cytiva, Marlborough, MA, United States), and then centrifuged (400 x g, 30 min, 10°C), as we have previously described for harvesting PBMCs (30). The BMMC at the interface of the plasma and 1.077 density media was harvested, washed 4 times in PBS, and resuspended in PBSA. Then, 1 × 106 cells were incubated with the anti-CD80 antibody for 30 min in PBSA, with unlabeled, isotype, and 7-aminoactinomycin D (7-AAD, for excluding dead cells) controls. The cells were washed in PBS for acquisition with an Accuri C6 BD Biosciences (the BD FACSCalibur™ was no longer available for use), then analyzed for labeling with the anti-CD80 antibody using a FSC vs. SSC plot on FloJo™ software.



2.2.3 Flow cytometric-based sorting of cells labeled with the anti-CD80-antibody in blood and bone marrow

For blood and BMMC, 1 × 107 cells were resuspended in PBS and incubated with the anti-CD80 and anti-CD14 antibodies (blood) or anti-CD80 antibody alone (BMMC) for 30 min on ice. The cells were resuspended in PBS with 1% BSA after a PBS wash and sorted into PBS with 10% BSA, using a MA900 (Sony Biotechnology, San Jose, CA, United States) or FACSAria™ III (BD Biosciences) flow cytometer (different sorters were used based on instrument availability) in the Cornell University BRC flow cytometry core facility (RRID:SCR_021740). Either 7-AAD or 4′,6-diamidino-2-phenylindole were used to exclude dead cells and single-labeled cells with isotype controls were used to define positive staining reactions during acquisition. For blood samples, double positive (CD80+/CD14+), single positive (CD80+ or CD14+), and double negative (CD80−/CD14−) cells were sorted. For BMMC, CD80+, CD80− cells with high SSC (CD80−/high SSC), and CD80− cells with low SSC (CD80−/low SSC) were sorted. Cytospin smears were prepared from the sorted cells after a 500 x g centrifugation step (with resuspension in PBS) and stained with modified Wright’s stain (Hematek 1,000, Siemens Healthcare Diagnostics Inc., Tarrytown, NJ, United States). A 100-cell differential cell count was done on each sorted population.



2.2.4 Leukocyte isolation from blood followed by labeling with the anti-CD80 antibody

Peripheral blood mononuclear cells were harvested from the plasma/1.077 interface after double-density centrifugation of blood, as described for BMMC. B cells, T cells, and monocytes were then individually isolated from PBMC using conjugated antibodies against CD21, CD5, and CD14, followed by anti-murine IgG magnetic microbeads for CD14 and CD21 (Miltenyi Biotec Cat# 130–048-402, RRID:AB_244361) and anti-rat IgG magnetic microbeads for CD5 (Miltenyi Biotec Cat# 130–048-502, RRID:AB_244364) and a magnetic column (LS column, Miltenyi Biotec, Gaithersburg, MD, United States) as we described previously for isolating CD14+ monocytes (30). Isolated cells were then incubated with the anti-CD80 antibody, as described above for double- or triple-labeling, and flow cytometric analysis was performed to assess for dual expression of the markers. For neutrophil isolation, we harvested cells from the interface between the 1.077 and 1.119 gradients and lysed RBCs with 0.2% sodium chloride for 30 s, followed by quenching with 1.6% sodium chloride. This experiment was done on samples from 2 to 3 different dogs per cell type. We also performed differential cell counts on modified Wright’s-stained smears of cytospin preparations of the isolated cells.




2.3 Testing for CD80 expression in hematopoietic neoplasms

Flow cytometric panels, including the anti-CD80 antibody, were performed on blood and lymph node, bone marrow, mass or body cavity fluid aspirates from dogs with hematopoietic neoplasia, including lymphoma and leukemia, using BD FACSCalibur™, Accuri C6 (BD Biosciences) or Novocyte (2000R, Agilent Technologies, Santa Clara, CA, United States) flow cytometers. Various software was used to analyze the data, including BD FACScan software, FloJo™ and FCS Express (De Novo Software, Dotmatics, Pasadena, CA). In samples collected after July 2019, 7-AAD was used to gate out dead cells, otherwise cell debris was excluded from analysis based on its location in a FSC vs. SSC dot plot. A tumor cell gate was created in the FSC vs. SSC dot plots, based on abundance of events and characteristic location (low to high FSC, low to medium SSC). When possible, residual normal leukocytes (neutrophils, monocytes, lymphocytes) were gated separately in the same plot. Antibody labeling of each gate was assessed in histogram, SSC vs. fluorescence, and quadrant fluorescence plots for triple labels or histograms and quadrant plots for single or double labels. Only data from the region containing the tumor cells was included in this study; however, antigen expression on residual normal leukocytes was assessed as internal positive and negative controls for antibody staining. For all markers other than CD34, expression on ≥20% of gated tumor cells was considered positive, in relation to an isotype control (31, 32); for CD34, ≥5% labeling of the tumor cells was considered positive (2, 3, 33). Since monocytes and lymphocytes can overlap or fall in the tumor cell gate, to avoid including these cells in the analysis of CD80 expression, we compared the percentage of CD80+ cells with the percentages of CD14+ cells and monocytes in a differential cell count. We also assessed the location of CD80+ and CD14+ cells in FSC and SSC plots. When the percentage of CD80+ and CD14+ cells were similar (± 10%) and events overlapped in a typical location for monocytes in a FSC and SSC plot (medium to high FSC and medium SSC), they were considered residual monocytes. Similarly, when the tumor gate included residual normal lymphocytes (mostly in lymph node aspirates), we identified these normal cells based on their low FSC and SSC characteristics and flow cytometric results showing a mixed population of lymphocytes, i.e., CD21+/CD22+ B cells and CD3+/CD4+ and CD3+/CD8+ T cells.

Based on morphologic features and hematologic and flow cytometric results, the hematopoietic neoplasms in the dogs were classified as B or T lymphoma/leukemia, B or T chronic lymphocytic leukemia (CLL), acute myeloid leukemia (AML), or “mixed lineage” leukemia. Classification of lymphoid neoplasms as B or T was based on tumor cell expression of CD21+ or CD22+ or both and CD3+ or CD5+ or both, respectively. In select cases, immunocytochemical staining for CD3 was performed on blood or cytology smears to confirm a T cell origin or verify weak or negative flow cytometric reactions for CD3, with ≥20% CD3+ tumor cells being defined as a positive reaction. B or T cell lymphoma/leukemias consisted of intermediate to large cells (“blasts”) and were grouped as a single entity, regardless of the blast percentage in blood or bone marrow. Chronic lymphocytic leukemia was characterized by a mature lymphocytosis, with negative test results for tick-borne diseases. For B-CLL, we used previously defined criteria of > 5.0 × 109 small lymphocytes/L with > 60% CD21+ cells (34). Similar criteria are lacking for T-CLL in dogs, so we used a cut-off of > 20.0 × 109 lymphocytes/uL with > 60% CD3 or CD5 expression. An acute leukemia was classified as AML on flow cytometric analysis if there were ≥ 20% blasts in blood or bone marrow, lymph node, tissue, or body cavity fluid aspirates and blasts were positive for myeloid-associated antigens CD4, CD11b, CD11c, CD14, and CD18, alone or in combination and negative for B and T cell markers (3). Because myeloid cells (monocytes, neutrophils, and eosinophils) typically comprise <5% of cells in normal lymph node aspirates (33, 35), we defined an extramedullary AML in lymph node aspirates as ≥20% blasts in cytologic smears combined with ≥5% positive reactions for myeloid-associated antigens on flow cytometric analysis. In cases in which we performed triple labeling with CD34/CD80/MHCII, CD34/CD11b/CD11c or CD34/CD11b/CD18, a leukemia was also classified as AML if there were ≥ 5% CD34+/CD11b+, CD34+/CD11c+, or CD34+/CD18+ cells. In acute leukemias that could not be phenotyped by flow cytometry, cytochemical staining was done to distinguish between AML and ALL, as described (2, 3, 36). Expression of alkaline phosphatase (ALP), alpha-naphthyl butyrate esterase (ANBE), chloroacetate esterase (CAE), myeloperoxidase (MPx), and Sudan Black B (SBB) in ≥3% of the cells, alone or in combination, was consistent with a myeloid lineage for an acute leukemia (Supplementary Table S1) (2, 3). AML was further classified into “not otherwise-specified” categories of unclassified, myelomonocytic, monocytic/monoblastic, and megakaryoblastic leukemia (Supplementary Table S2) (14, 15). A “mixed lineage” leukemia was diagnosed if blasts were positive for myeloid- and lymphoid-associated antigens on flow cytometric analysis or expressed lymphoid antigens on flow cytometric analysis but had cytochemical staining reactions typical of AML.



2.4 Statistical analysis

Normality was assessed with a Shapiro–Wilk test when there was more than 3 data points per group. Non-Gaussian data was described as median and range, whereas 3 data points per group were described as mean and range. Medians of two groups were compared with a Wilcoxon signed-rank test (e.g., median percentage of anti-CD80-labeled monocytes vs. neutrophils). Proportions were compared with a Fisher’s exact test with a Bonferroni correction for the number of pairwise comparisons. Significance was set at p < 0.05.




3 Results


3.1 Binding of the anti-CD80 antibody to peripheral blood leukocytes from normal dogs

CD80, as detected with the clone in this study, was consistently expressed on >95% of cells gated as monocytes (CD14+) and neutrophils (CD14−) in blood samples taken from 4 different healthy dogs. The intensity of CD80 expression (MFI) in CD14+ monocytes and CD14− neutrophils was similar (Table 3). In contrast, cells gated as lymphocytes in the CD80 vs. CD14 experiments or triple-labeled with CD80 and B and T cell markers, CD21 and CD5, respectively, were negative for CD80 (Figure 1, representative images from one dog for CD80 vs. CD14 and a different dog for CD80 vs. CD21 or CD5). Events gated as lymphocytes in the CD80 vs. CD14 experiments had a median CD80 MFI of 6 units (range, 1–9 units), which was not significantly different from the median CD80 MFI of 5 units (range, 4–7 units) for the isotype control in that gate (p = 0.750).



TABLE 3 Labeling of leukocytes in the blood of healthy dogs with the anti-CD80 antibody, expressed as a percentage and median fluorescent intensity (MFI) of CD14+ monocytes and CD14− neutrophils in regions gated as monocytes and neutrophils, respectively, in a forward and side scatter dot plot (see Figure 1) (n = 4).
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FIGURE 1
 Flow cytometric dot plots of anti-CD80 antibody labeling of leukocytes in blood from healthy dogs. (A) Three different cell populations were identified on a forward and side scatter plot, corresponding to neutrophils, monocytes, and lymphocytes. The cells were double-labeled with anti-CD80-APC and -CD14-PE antibodies, with CD14 being used as a monocyte marker. CD80 was only expressed on CD14+ monocytes and CD14− neutrophils but not lymphocytes (CD80−/CD14−). The few CD14+ and CD14− cells in the neutrophil and monocyte gates likely represent low numbers of monocytes and neutrophils in the respective gates. The CD80−/CD14− cells in neutrophil and monocyte gates could be large lymphocytes (representative result from 1 of 4 dogs). (B) Triple-labeling of dog leukocytes with CD80-APC, CD21-PE and CD5-FITC shows that CD21+ B cells and CD5+ T cells are CD80− (representative result from 1 of 3 dogs). All leukocyte events were combined for analysis vs. splitting the events into different gates based on forward and side scatter.


On flow cytometric sorting with CD80- and CD14-labeled cells, only three populations were evident: CD80+/CD14+, CD80+/CD14−, and CD80−/CD14− cells. No cells were CD80−/CD14+, suggesting that all CD14+ monocytes in blood from healthy dogs are CD80+. Differential cell counts on modified Wright’s-stained smears showed that monocytes, neutrophils, and lymphocytes dominated in the CD80+/CD14+, CD80+/CD14− and CD80−/CD14− populations, respectively (Figure 2, Table 4). Eosinophils were identified in the CD80−/CD14− cells, indicating they are negative for CD80, when using the anti-hamster antibody (Table 4). Since eosinophils are found in low concentrations in blood and cannot be distinguished from neutrophils based on scatter characteristics or antibodies used in flow cytometric panels, their lack of binding of the anti-CD80 antibody was only uncovered by cell sorting.

[image: Figure 2]

FIGURE 2
 Flow cytometric sorting of peripheral blood leukocytes double-labeled with the anti-CD80 antibody and an anti-CD14 antibody into CD80+/CD14+, CD80+/CD14−, and CD80−/CD14− populations (left panel) with corresponding images of modified Wright’s-stained smears and percentages of the predominant cell from differential cell counts of cytospin smears of the sorted populations (right panel, scale bar = 20 μm). CD80−/CD14+ cells were not identified or sorted. The black circles indicate sorted events (a tight gate was chosen to minimize contamination from other populations; representative image from 1 of 3 dogs). CD80+/CD14+ sorted cells were mostly monocytes, a few of which contained low numbers of cytoplasmic vacuoles. The CD80+/CD14− sorted cells were mostly neutrophils, many of which lacked nuclear segmentation or were undergoing pyknosis, which we attributed to the sorting procedure. The CD80−/CD14− sorted cells were mostly lymphocytes, with a few eosinophils.




TABLE 4 Percentage differential cell counts (mean and range) from modified Wright’s-stained cytospin smears of three cell populations sorted by flow cytometry using anti-CD80 and -CD14 antibodies in the blood of healthy dogs (n = 3): CD80+/CD14+, CD80+/CD14− and CD80−/CD14−.
[image: Table4]

When monocytes, B cells, and T cells were isolated via magnetic bead labeling with the anti-CD14, -CD21 and -CD5 antibodies then labeled with the anti-CD80 antibody, only CD14+ monocytes were CD80+, corroborating the results of the multiple labeling and cell sorter experiments. The purity of the isolated cells was generally >80% (Figures 3A–C, Table 5). Contaminating neutrophils in the CD14-magnetic bead isolated cells were weakly CD14+, suggesting that neutrophils were activated by the procedure and either expressed CD14 or had bound CD14+-microparticles shed from activated monocytes (Figure 3A). Similar to monocytes, neutrophils isolated from the double-density gradient were CD80+ (Figure 3D) with a purity of 78% or higher (Table 5).

[image: Figure 3]

FIGURE 3
 Labeling of monocytes, B cells, T cells, and neutrophils isolated from the blood of healthy dogs (representative results from 1 of 2–3 dogs for each cell type) with the anti-CD80 antibody. (A-C) Monocytes, B cells, and T cells were isolated from peripheral blood mononuclear cells (PBMCs) using immunomagnetic beads and anti-CD14-PE, -CD21-FITC, and -CD5-FITC antibodies, respectively. The first panel shows the forward and side scatter events in PBMCs while the second panel shows the forward and side scatter events of isolated cells. The third panel is a fluorescent quadrant plot of double-labeled cells after adding the anti-CD80-APC antibody. The fourth panel shows a representative modified Wright’s-stained image of a cytospin smear of the isolated cells on which 100-cell differential cell counts were done (scale bar = 20 μm). (A) CD14-PE-isolated cells were mostly CD80+ monocytes (84% of a differential cell count), with a few contaminating neutrophils (10%) that were weakly CD14+ (arrows, third and fourth panels). A few monocytes had cytoplasmic vacuoles (fourth panel). Lymphocytes were negative for CD80−/CD14− (lower left quadrant, third panel, 6%). (B) CD21-FITC-isolated cells were mostly lymphocytes, which were CD80− (third panel). Lymphocytes were primarily small cells, some of which had clefted or convoluted nuclei (variants of normal), with a few small or large reactive forms (fourth panel). (C) CD5-FITC-isolated cells were mostly lymphocytes, which were CD80− (third panel). Lymphocytes were small cells with a few large or reactive forms. Several lymphocytes had a few clear cytoplasmic vacuoles, which could be due to the isolation procedure (fourth panel). (D) Neutrophils were isolated from the 1.077/1.119 interface of the double-density gradient used to obtain PBMCs and were single-labeled with the anti-CD80-APC antibody. The first panel shows a forward vs. side scatter plot of the isolated neutrophils and the second panel is a CD80 fluorescence vs. side scatter dot plot (blue) with overlaid hamster-APC isotype (red), showing neutrophils are CD80+. The third panel shows a representative modified Wright’s-stained image of a cytospin smear of the isolated cells, which were primarily segmented neutrophils. The vacuolated cytoplasm in one neutrophil is likely an artifact of the isolation procedure (scale bar = 20 μm).




TABLE 5 Percentage differential cell counts (mean and range) from modified Wright’s-stained cytospin smears of isolated monocytes, B cells, T cells, and neutrophils.
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3.2 Binding of the anti-CD80 antibody to bone marrow mononuclear cells from normal dogs

When BMMC were incubated with the anti-CD80 antibody, a single CD80+ population with high SSC was identified (Figure 4) and comprised a median of 66% (range, 61–71%) of the living cells (n = 4). Typically, neutrophils and monocytes have higher SSC than lymphocytes. There were two populations of CD80− cells; (1) One had similar high SSC to the CD80+ cells and comprised a median of 16% (range 16–23%) of living cells, and (2) Another population with low side SSC, corresponding to cells with less complexity, such as lymphocytes (Figure 4), comprising a median of 13% (range 11–21%) of living cells. When differential cell counts were done on modified Wright’s-stained cytospin smears of these 3 flow cytometric-sorted populations, the CD80+ cells consisted of neutrophil precursors (bands to myelocytes, with rare progranulocytes) and monocytes (Figure 4C). In contrast, the CD80−/high SSC cells were mostly mature and immature eosinophils with fewer monocytes, large reactive lymphocytes, and plasma cells (Figure 4C). Rare progranulocytes and basophils were seen. Lymphocytes comprised the majority of the CD80−/low SSC cells, with fewer monocytes, and there were reactive lymphocytes in this population (Figure 4C). Segmented neutrophils were not seen in any fraction because these cells settle at the interface between the 1.077 and 1.119 density gradients. The BMMC sorting showed that the anti-CD80 antibody binds to mature and immature neutrophils and affirms that it does not bind to mature and immature eosinophils. In addition, the antibody may not detect plasma cells. It is difficult to determine whether the antibody labels progranulocytes and basophils, given that these cells were only seen in low numbers in the cytospin smears and progranulocytes were identified in both CD80+ and CD80− high scatter fractions.

[image: Figure 4]

FIGURE 4
 Labeling of bone marrow mononuclear cells from healthy dogs with the anti-CD80 antibody. Mononuclear cells were isolated from the plasma/1.077 interface of a double-density gradient after centrifugation of bone marrow aspirates from healthy dogs and labeled with the anti-CD80 antibody. After excluding dead cells (based on 7-AAD expression), lysed red blood cells and debris (A), the living cells were evaluated for anti-CD80 antibody binding, using an isotype control (B) to determine positive labeling. A single population of CD80+ cells with high side scatter (SSC) was identified in a CD80 fluorescence vs. SSC plot, with two CD80− populations, of high and low SSC (C, representative results from 4 experiments from 2 different dogs). The three different populations were then sorted from BMMC of one dog and differential cell counts were performed on modified Wright’s-stained cytospin smears of the sorted cells (C). The CD80+ cells were mostly neutrophil precursors and monocytes (differential cell count: 83% band neutrophils, 4% metamyelocytes, 2% myelocytes, 10% monocytes, and 1% lymphocytes). The CD80−/high SSC fraction were mostly mature and immature eosinophils. Plasma cells were only seen in this fraction (arrow) (differential cell count: 90% eosinophils, including bands, metamyelocytes and myelocytes, 2% lymphocytes, 4% monocytes, and 4% plasma cells). The CD80−/low SSC fraction were mostly lymphocytes with fewer monocytes (differential cell count: 93% lymphocytes and 7% monocytes). Lymphocytes included small and large reactive forms, with deep blue cytoplasm and convoluted nuclei (arrow).




3.3 Binding of the anti-CD80 antibody to tumor cells in dogs with hematopoietic neoplasms

B cell neoplasms were identified in 37 dogs from blood (n = 7) or lymph node (n = 27), bone marrow (n = 2), or pleural fluid (n = 1) aspirates. The dogs were a median of 8 years old (range, 2–13 years) with 20 female (2 intact) and 17 male (2 intact) dogs. Breeds consisted of 17 mixed breed dogs, 5 German Shepherds, 3 Golden Retrievers, 2 Australian Shepherds, 2 Rottweilers, and one each of the following: Belgian Tervuren Shepherd, Bernese Mountain Dog, Bichon Frise, English Springer Spaniel, Jack Russell Terrier, Shih Tzu, Vizsla, and Yorkshire Terrier. Five dogs with a moderate to marked lymphocytosis (median, 60.4 × 106/mL, range, 18.1–146.8 × 109/L), consisting of small to intermediate lymphocytes, were diagnosed with B-CLL. The remaining 32 dogs were diagnosed with B cell lymphoma/leukemia from lymph node or bone marrow aspirates or blood samples, with 1 concurring histologic diagnosis on a lymph node biopsy. None of the tumor cells were labeled with the anti-CD80 antibody (Figure 5, Table 6, Supplementary Figure S1, Supplementary Table S3). Of the other myeloid antigens used in this study, tumor cells were CD11c+ in 1/13 dogs (8%). A few dogs had aberrant CD3+ (7/37, 19%) or CD5+ (2/37, 5%) tumor cells; however, in all of these cases, tumor cells were CD21+ and CD22+, supporting a B cell neoplasm. In 3 dogs, there were discordant CD21 and CD22 reactions, with CD21−/CD22+ (n = 2) or CD21+/CD22− (n = 1) cells (Supplementary Table S3). A B cell lineage was confirmed for 1 dog with a CD21−/CD22+ lymphoma/leukemia in the bone marrow on the basis of a clonal B cell population on polymerase testing for antigen receptor rearrangements (PARR) and CD20+/CD3− cells on immunocytochemical staining of bone marrow smears (Supplementary Table S3).
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FIGURE 5
 Labeling of tumor cells with the anti-CD80 antibody in dogs with hematopoietic neoplasia. Representative flow cytometric (first four panels) and modified Wright’s-stained images (fifth panel, scale bar = 20 μm) of venous blood in one case each of B cell lymphoma/leukemia (A), T cell lymphoma/leukemia (B), and acute myeloid leukemia (AML, C). Gated tumor events were intermediate to large (large cells) in forward vs. side scatter plots (first panel) and were assessed for positive labeling with anti-CD34-phycoerythrin (PE), CD80-allophycocyanin (APC), and major histocompatibility II-fluorescein isothiocyanate (MHCII-FITC) antibodies. The large cell gate was separated into CD34+ and CD34− events using a CD34-PE vs. side scatter plot (second panel). Quadrant plots of MHCII-FITC vs. CD80-APC were then used to further define the CD34− (A) and CD34+ (B,C) cells (third panel). Isotype controls were used to set the quadrant regions (fourth panel). (A) The tumor cells in venous blood (large cell gate) from a dog with B cell lymphoma/leukemia were negative for CD34−, CD80− and MHCII−. The dog had 87% blasts in blood, which were large cells (11–14 μm) with round nuclei containing lightly stippled chromatin and up to 5 prominent nucleoli. The cells had a small amount of deep blue cytoplasm with a perinuclear clear zone. A small population of CD80+/MHCII− cells (arrow, third panel) likely represent neutrophils inadvertently included in the large cell gate. (B) The tumor cells in venous blood from a dog with T cell lymphoma/leukemia were CD34+ but CD80−/MHCII−. The tumor cells comprised 89% of the cells in blood and were intermediate to large (9–14 μm) with round to deeply convoluted nuclei containing lightly clumped chromatin and 1–2 indistinct nucleoli. They had a scant to small amount of medium blue cytoplasm. (C) In venous blood from a dog with AML, 63% of the tumor cells (large cells) were CD34+. Of the CD34+ cells, 72% were CD80+/MHCII− (arrow, third panel). The dog had 79% blasts in blood, which were mostly intermediate to large cells (10–14 μm) with round to oval nuclei containing lightly stippled chromatin and 1–2 nucleoli. They had a small amount of light to medium blue cytoplasm and 5% of blasts contained purple or red cytoplasmic granules (arrow, fourth panel). See Supplementary Figure S1 for results from the neutrophil gated region in the dog with B lymphoma/leukemia and the small cell region in the dog with AML.




TABLE 6 Positive labeling with the anti-CD80 antibody in tumor cells in dogs with hematopoietic neoplasms.
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T cell neoplasms were identified in 35 dogs from blood (n = 17) or aspirates from lymph node (n = 11), bone marrow (n = 2), mediastinal or lung masses (n = 2), or pleural (n = 2) or peritoneal (n = 1) fluid. The dogs were a median of 6 years old (range, 8 months to 14 years) with 12 female (1 intact) and 23 male (5 intact) dogs. Breeds consisted of 9 mixed breed dogs, 6 Golden Retrievers, 3 Labrador Retrievers, 2 German Shepherds, 2 Shih Tzus, and one each of the following: Australian Shepherd, American Bulldog, Bassett Hound, Bernese Mountain Dog, Bloodhound, Boxer, Bull Mastiff, Doberman, English Bulldog, Giant Schnauzer, Mi-Ki, Pug, and Staffordshire Bull Terrier. Two dogs with a lymphocytosis of granular lymphocytes (85.3 and 89.7 × 109/L) were diagnosed with CD8+ T-CLL. Another dog had a mild lymphocytosis of granular lymphocytes (5.5 × 109/L), with an average of 39% granular lymphocytes in bone marrow. The dog (a Golden Retriever) also had a lymphocytosis (8.7 × 109/L) of T cells that lacked cytoplasmic granules and were CD45− on phenotyping, supporting a concurrent indolent T zone lymphocytosis. Given the bone marrow infiltrates of granular lymphocytes, this dog was placed in the CD8+ T cell lymphoma/leukemia category (Supplementary Table S4). Another 33 dogs were diagnosed with T lymphoma/leukemia from blood or aspirates of lymph node, bone marrow, mediastinal or lung masses, or body cavity fluid, with 2 corroborating histologic diagnosis. One dog had a clonal T cell population with PARR in a lymph node aspirate. In 2 dogs (a Bull Mastiff and a Shih Tzu), the cells were CD45− and had cytologic features of an indolent T zone lymphoma (6). None of the tumor cells in dogs with T cell neoplasms were labeled with the anti-CD80 antibody (Figure 4, Table 6, Supplementary Table S4); however, the cells were CD11b+ (2/22, 9%) or CD11c+ (6/19, 32%) in low numbers of dogs. There was discordant CD3 or CD5 expression in a few cases, with CD3−/CD5+ (n = 4) or CD3+/CD5− (n = 5) cells. Tumor cells in 2 dogs were CD3−/CD5− but were CD8+/ TCRαβ+ on flow cytometric analysis in one dog or strongly CD3+ on immunocytochemical staining in the other dog (Supplementary Table S4), supporting a T cell origin.

Thirty nine dogs were diagnosed with AML based on flow cytometric expression of myeloid-associated antigens (n = 33) or positive cytochemical staining reactions combined with negative staining for T (CD3/CD5) or B (CD21/CD22) lymphoid-associated antigens on flow cytometric analysis (n = 6) (Table 6, Supplementary Table S5). The phenotyping was done on blood (n = 23) or aspirates of bone marrow (n = 10), lymph node (n = 5), or pleural fluid (n = 1). In venous blood samples, blasts constituted ≥20% of a differential count in 22 dogs (22/23, 96%). The single dog with 10% blasts in blood had ≥20% blasts on cytologic examination of a lymph node aspirate (flow cytometric analysis was not done on the lymph node). The dogs were a median of 7.5 years old (range, 2–14 years) with 11 neutered female and 28 male (5 intact) dogs. Breeds consisted of 14 Golden Retrievers, 6 mixed breed dogs, 5 Labrador Retrievers, 4 German Shepherds, 2 Pembroke Welsh Corgis, and one each of the following: Anatolian Shepherd, Bernadoodle, Bernese Mountain Dog, Bulldog, Cockapoo, Maltese, Rhodesian Ridgeback, and Soft-coated Wheaten Terrier. Tumor cells were labeled with the anti-CD80 antibody in 28 cases (72%), mostly myelomonocytic and monocytic/monoblastic variants (Figure 4, Table 6, Supplementary Figure S1, Supplementary Table S5). However, 2 acute megakaryoblastic leukemias had CD80+ cells (Supplementary Table S5). A higher proportion of dogs had CD80+ cells compared to CD4+ (36%, 14/39), CD11b+ (44%, 17/39), CD11c+ (46%, 16/35), CD14+ (38%, 15/39), or CD18+ (56%, 10/17) cells; however, the difference was only significant for CD80+ vs. CD4+ (p = 0.003) or CD14+ (p = 0.006) (Supplementary Table S5). A few individual dogs with AML expressed only one myeloid antigen (CD11b in one dog, CD11c in one dog, CD80 in 4 dogs), however most dogs expressed different combinations of more than one myeloid antigen (Supplemental Table S5).

Eleven dogs were diagnosed with “mixed lineage” leukemia based on flow cytometric expression of myeloid-associated markers (n = 5) or positive cytochemical staining reactions combined with positive staining for B (CD21 or CD22) or T (CD3 or 5) lymphoid-associated antigens on flow cytometric analysis (n = 6) (Table 6, Supplementary Table S6). The phenotyping was done on blood (n = 8) or aspirates of bone marrow (n = 1) or lymph node (n = 2). Venous blood in 10 dogs contained ≥20% blasts and 1 dog had ≥20% blasts in a lymph node aspirate (Supplementary Table S6). The dogs were a median of 8 years old (range, 3–10 years) with 6 female (1 intact) and 5 male (2 intact) dogs. Breeds consisted of 3 Labrador Retrievers and one each of the following: Bernese Mountain Dog, Cavalier King Charles Spaniel, Golden Retriever, Labradoodle, mixed breed, Rottweiler, Swiss Mountain Dog, and Yorkshire Terrier. The neoplastic cells were weakly CD5+ or CD3+ (n = 9) or CD22+ (n = 3); no cases were CD21+ and 1 case was weakly CD3+/CD5+/CD22+. In two cases with weak CD3+ tumor cells on flow cytometric analysis, the tumor cells were negative for CD3 on immunocytochemical staining of smears, suggesting a false positive reaction. Tumor cells were labeled with the anti-CD80 antibody in 4 cases (36%), including 1 case that lacked other myeloid-associated antigens on flow cytometric analysis (Table 6, Supplementary Table S6). CD80+ cells were present in similar percentages to CD4+ (27%, 3/11), CD11b+ (45%, 5/11), CD11c+ (33%, 3/9), CD14+ (27%, 3/11), and CD18 (50%, 1/2) (Supplementary Table S6).




4 Discussion

We found that CD80, as detected with the antibody clone in this study, is a useful flow cytometric marker for AML, particularly myelomonocytic and monocytic/monoblastic variants. This finding is in concert with the antibody labeling neutrophils, neutrophil precursors (band neutrophils to myelocytes) and monocytes in peripheral blood and bone marrow from healthy dogs. Compared to the other myeloid-associated antigens used in this study, tumor cells were CD80+ in a higher proportion of dogs with AML. In addition, CD80 was the only myeloid antigen expressed in some dogs categorized as AML based on cytochemical staining reactions. These leukemias would not have been diagnosed as an AML with flow cytometric analysis, since cytochemical staining is not a routinely performed phenotyping test. Similarly, in acute leukemias expressing myeloid and lymphoid-associated antigens, the presence of CD80+ tumor cells would support an AML. Indeed, tumor cells in 3 of 4 dogs with “mixed lineage” leukemias were positive for multiple myeloid-associated antigens, including CD80, favoring an AML with aberrant, typically weak, lymphoid antigen expression. Given that a few dogs with AML only had positive results with single myeloid antigens, our results show that antibodies against multiple myeloid antigens should be applied when immunophenotyping an acute leukemia, including CD80. Our data for CD80 in dogs contrasts with that in human patients, where CD80 is an insensitive marker of AML, being positive in <20% of cases (31, 32, 37–40). Only one study of 105 AML human patients had a higher percentage of CD80+ cases (33–100%) (41). However, the clone used in the studies was not always stated, making it difficult to explain discrepant results. In contrast, CD86, another member of the B7 family, is expressed on 23–90% of AML in studies of 20–110 human patients (31, 32, 37–41). CD80 can be upregulated in cultured AML cells after exposure to inflammatory cytokines (37, 42) and chemotherapeutic drugs, such as cytosine arabinoside (43). Upregulation of CD80 is speculated to promote a cytotoxic anti-tumor cell response (43).

Based on our results using the hamster anti-CD80 antibody, CD80 appears to be a specific marker for AML, whereas the other myeloid-associated antigens can be expressed in dogs with lymphoid neoplasms, as seen in this and other studies (2, 16, 33). However, continued testing of more dogs with hematopoietic neoplasia is warranted, as it is unlikely that any marker is 100% specific for AML. With a different CD80 clone (CA24.5D4), histiocytic tumors in 2 dogs (multiple cutaneous histiocytic sarcoma and dendritic cell leukemia) had positive reactions for CD80 on immunohistochemical staining (44, 45). These two reports suggest that CD80 could also be a marker of histiocytic neoplasms. In contrast to our results in dogs, in one study of 241 human patients, CD80 was expressed in 43 to 97% on B cell tumors, including diffuse large cell and marginal zone lymphoma (46), which are common subtypes of B cell tumors in dogs (47). Other studies have also shown CD80 expression on B cell tumors in humans (48–50). Unlike dogs, CD80 is expressed on human peripheral blood B cells and memory and germinal center B cells (39, 51), which would explain the positive reactions in B cell neoplasms. On the other hand, peripheral blood T cells in healthy human donors do not express CD80 (39), but positive reactions are seen in tumor cells of human patients with adult T cell leukemia/lymphoma and cutaneous lymphoma (52, 53).

Given the discrepant results in our study and reported findings in humans, it is possible that the hamster anti-CD80 antibody is cross-reacting with another member of the B7 family of molecules, such as CD74 or CD86, as found for other anti-CD80 antibodies (54). Regardless, the antibody is still detecting an antigen on neutrophils and monocytes in the blood and bone marrow of healthy dogs and on tumor cells in dogs with AML with flow cytometric analysis, which is the intended application of the antibody. Further studies, such as immunoblotting or immunoprecipitation followed by protein sequencing, would be required to determine the exact antigen detected by the hamster anti-CD80 antibody. However, these procedures are not listed in the application sheet for the antibody and the antibody may not work in denatured samples. Our results showing that the 16-10A1 clone binds to neutrophils and monocytes in healthy dog blood contrasts with previous studies. With the same clone, CD80 was not expressed in peripheral blood mononuclear cells (55), which contains monocytes (26, 27, 30), and there was no-to-weak expression in adherent monocytes in culture (27, 55). The reason for this discrepancy is unclear but may be related to technique (e.g., antibody dilution) or testing of cultured cells. We did not test other anti-CD80 antibody clones, including 1G10 and CA24.5D4. With flow cytometry, clone 1G10 labels 80% of peripheral blood monocytes and CD14-isolated monocytes after 12 days in culture, with cytokine stimulation upregulating expression intensity (26). Clone CA24.5D4 only bound to 10–20% of monocytes in canine PBMCs with flow cytometric analysis, but binding increased to more than 50% after distemper virus infection (28). These reports suggest that the 1G10, but not CA24.5D4, clone could be used to detect CD80 with flow cytometry in dogs with AML; however, this remains to be tested in future studies. Discrepant results between studies also reiterate the importance of the clone used for antigen detection and the need to provide this information in published studies. It would be worthwhile also testing an antibody against CD86 (e.g., clones CA24.3E4 or FUN-1) (26, 27, 56) in dogs with hematopoietic neoplasia as another potential flow cytometric myeloid marker. CD86 is weakly expressed on CD14-isolated canine monocytes after 7 days in culture, and higher proportions of monocytes expressed CD86 (clone CA24.3E4) vs. CD80 (clone CA24.5D4) after 1 day in culture (27), as assessed by flow cytometric analysis. Flow cytometric analysis of CD86 expression on canine hematopoietic neoplasms has not been performed to our knowledge but immunohistochemical staining with CD86 (clone CA24.3E4) yielded discrepant results (positive and negative) of histiocytic tumors in 2 dogs, both of which were also positive for CD80 (44, 45). Neither of the CA antibody clones for CD80 or CD86 are conjugated or commercially available, making it difficult to use them routinely for diagnostic purposes.

We only had low numbers of certain types of lymphoid tumors in this study, such as CLL, and continued testing of the anti-CD80 antibody for specificity in AML would be worthwhile. Several dogs with lymphoid neoplasms had ≥25% blasts in blood or bone marrow and could have been an ALL, as defined per WHO guidelines (15), vs. lymphoma. However, it is difficult to accurately distinguish between lymphoma and leukemia (being two ends of a spectrum of lymphoid neoplasia), thus we grouped the dogs with lymphoid neoplasms other than CLL as lymphoma/leukemia. It is possible that some of the dogs classified as an AML based on cytochemical staining were T-ALL. Tumor cells in T cell neoplasms can have positive staining reactions for ALP, ANBE and CAE (2, 57), reinforcing that these stains are lineage-associated and not lineage-specific. Similarly, “mixed lineage” leukemias may reflect aberrant expression of markers vs. a true mixed lineage or mixed phenotype leukemia. Aberrant marker expression, including cross-lineage antigen expression and lack of lineage-associated antigens, has been reported in AML and lymphoid neoplasms in dogs (2, 3, 16, 33). False positive reactions may also explain the weak expression of lymphoid antigens in AML cases. For instance, weak positive flow cytometric reactions for CD3 were not always corroborated by immunocytochemical staining, suggesting a false positive reaction in certain cases. We only applied the anti-human CD18 antibody (clone YFC118.3) to low numbers of cases. We had previously used another anti-canine CD18 antibody (clone CA1.4E9; Bio-Rad Cat# MCA1780A647, RRID:AB_2020973) in flow cytometric panels, but the antibody stains all blood leukocytes (29). This staining pattern contrasts with the anti-human CD18 antibody, which only stains neutrophils and monocytes in canine blood and was used in a recently proposed scheme for classification of CD34+ acute leukemia (16). We found the anti-human CD18 antibody was less sensitive than anti-CD80 antibody, even when these antibodies were combined with CD34 for dual labeling. However, additional comparative testing is needed. It is also possible that CD80 and other myeloid-associated antigen expression on residual normal monocytes or neutrophils contributed to the percentage of positive cells in the tumor cell gate. It is impossible to always distinguish normal leukocytes from neoplastic cells on dot plots; however, we attempted to separate out residual normal cells by comparing flow cytometric cell percentages to those in differential cell counts in modified Wright’s-stained blood or cytology smears and looking for overlap with CD14 in expected regions in FSC and SSC plots to reduce the likelihood of false positive reactions from normal cells.
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The identification of non-hematopoietic cells in effusions is a diagnostic challenge in cytology. Biopsies from mesothelium or primary lesions are infrequently performed in clinical settings and immunochemistry on smears or immunohistochemistry on cell blocks are the most common ancillary test to refine the cytological diagnosis. Cavitary effusions are an ideal matrix for flow cytometry and the availability of a cytometric panel to describe non-hematopoietic cells would represent a useful tool. Here we present the results of the flow cytometric and immunohistochemical determination of cytokeratin (CK), vimentin (VIM) and desmin (DES) in 36 canine effusions. The concordance between the two methods was perfect for CK (100%), substantial for VIM (77.8%), and almost perfect for DES (97.2%). The panel was interpreted to define the epithelial (CK+VIM-DES-), mesothelial (CK+VIM+DES+), or mesenchymal (CK-VIM+DES-) origin of the cells. Unexpected profiles were considered doubtful and observed patterns were individually discussed. The concordance of the panel interpretation between two methods was 75%. The evaluation of discordant and doubtful cases suggests a lower sensitivity of flow cytometry in detecting VIM expression and revealed a high frequency of VIM+ epithelial cells, variable expression of VIM in mesothelial cells, and an important role of DES in excluding an epithelial origin when positive. Multicentric studies based on histopathological diagnoses are necessary to confirm these findings and evaluate the diagnostic utility of the panel to refine cytological diagnosis. Our results show that flow cytometry can be a timesaving alternative to IHC on cell blocks in clinical settings to detect CK, VIM and DES expression. The interpretation of the panel is similar in most cases; however, occasional discordant results, particularly for VIM, may occur.
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1 Introduction

Effusion cytology is complex as multiple inflammatory, reactive, and possibly neoplastic cells may be present in the same sample. Main challenges include the identification of cells based on the shape (cells in fluid appear round regardless of their origin), the presence of mesothelial cells that readily exfoliate regardless the underlying cause, and the overlapping morphology of reactive mesothelial cells, neoplastic mesothelial cells and other exfoliative malignant cells (e.g., neoplastic epithelial cells). The presence of cohesive clusters can suggest an epithelial origin; however, both reactive and neoplastic mesothelial cells can exfoliate in variably cohesive aggregates. Also, poorly differentiated carcinomas can be less cohesive with individualized cells predominating (1).

Whilst cytology can be useful to classify transudate and inflammatory effusions, its sensitivity for the diagnosis of malignancy is limited, particularly in case of non-hematopoietic (NH) cells (2–4). In these cases, a final diagnosis can be achieved with histopathology and possibly immunohistochemistry (IHC) of the primary lesions. However, fluid collection and cytology are often not followed by more invasive diagnostic procedures; the collection of intrathoracic or abdominal tissue biopsies is often declined by pet owners or is clinically not recommended given the unstable condition of some of these patients. Ancillary techniques can be used to refine the cytological diagnosis by defining the immunophenotype, and therefore the origin, of NH cell in cavitary effusions. In veterinary medicine, immunochemistry on cytological preparations (5) and IHC on cell blocks have been described and successfully applied on effusions for immunochemical characterization (4, 6–9).

Currently, the minimum panel to differentiate epithelial and mesothelial cells should include cytokeratin (CK) and vimentin (VIM) (10). Co-expression of CK and VIM is considered the main feature of mesothelial cells, while expression of CK or VIM only, is expected in epithelial and mesenchymal cells, respectively (11). However, several reports revealed variable VIM expression in epithelial and mesothelial cells (4, 7). To overcome this limitation, a wider panel including expected positive and negative markers has been recommended for the diagnosis of malignant mesothelioma in human medicine (12). Desmin (DES) is used to distinguish reactive mesothelial (DES+) from neoplastic mesothelial and epithelial cells (DES-) in people (13, 14). In veterinary medicine, DES does not appear to be an exclusive marker to distinguish reactive from neoplastic mesothelial cells, but it has been proven useful in differentiating mesothelial and epithelial cells (4, 5, 15). A combination of CK, VIM and DES can represent a starting panel to differentiate cell lineage in effusions. Immunochemical techniques and cell block production have limitations, such as the need for additional training and significant amount of hand-on technician time, long turnaround time, and limited possibility of multi-marker analysis (6, 16, 17). Conversely, flow cytometry (FC) is a sensitive, fast, and affordable method to study fluid matrices. It allows the simultaneous analysis of multiple antigens on a high number of cells if compared with IHC and allows the characterization of subsets of cells in a mixed population. However, it does not allow for retrospective studies as the analysis is limited to fresh samples and cell viability. In human medicine, several studies demonstrated that FC can contribute to refine the cytological diagnosis of non-hematopoietic disorders in effusions (17–19). While FC is routinely used in veterinary medicine for immunophenotyping of hematological disorders in peripheral blood, bone marrow, lymph nodes, peripheral tissues, and body fluids (20–23), no data are available about the use of this technique to characterize NH cells in cavitary effusions.

The aim of this study is to compare FC determination of CK, VIM and DES in NH cells in canine effusions with paired IHC results on cell blocks. The final goal is to provide an additional tool to characterize NH cells in effusions.



2 Materials and methods

Canine pleural, pericardial and peritoneal cavitary effusions received at the Laboratory for Clinical Analyses of the Veterinary Teaching Hospital of the University of Turin (Grugliasco, IT) were considered for the study. Dogs were privately owned and underwent sampling for diagnostic purposes with signed informed consent from the owners. Thus, specific formal approval by the authors' Institution Committee for Animal Care was not required (protocol 1965–2017, Ethical Committee, University of Turin). Samples were collected in EDTA tubes and routinely processed. Samples with cytological evidence of cells of suspected NH origin and samples with abundant reactive mesothelial cells were included in the study if at least 2 ml of fluid were available after routine analysis. Samples were processed for FC and cell blocks were prepared within 24 h from collection. Cases with inadequate cell blocks for IHC and samples with <1% of CD45-negative or large CD11b-negative population in FC were excluded.


2.1 Flow cytometry

FC analysis was performed with a BD Accuri C6 (Becton Dickinson, San Josè, CA) and a Cytoflex (Beckman Coulter, Brea, USA) flow cytometer.

NH cells were detected as CD45-negative (13 cases) or large CD11b-negative events (23 cases). We previously assessed the co-expression of the two markers on eight cases showing that the two labeling allow the detection of the same population (Supplementary Figure 1).

The cellularity of the sample was assessed by flow cytometry after removal of erythrocytes with an ammonium chloride-base buffer (1:10 dilution, 10 min incubation). The quality of the sample was assessed by further addition of 10 uL of propidium iodide. A tube with ~60 × 105 cells was incubated 20 min at 4°C in the dark with previously titrated anti-CD11b or anti-CD45 monoclonal antibody. Erythrocytes were lysed as described above and cells were washed with PBS by centrifuging at 1,200 rpm for 5 min. The cell pellet was processed for cytoplasmic staining using a commercial kit (eBioscienceTM Intracellular Fixation & Permeabilization Buffer Set, ThermoFisher). Briefly, it was then incubated for 10 min at 4°C with fixation buffer, washed once with PBS and twice with permeabilization buffer, resuspended in 240 uL of permeabilization buffer and the obtained volume split in six tubes. Four tubes were used for direct staining: negative control (added with 10 uL of PBS) to set the autofluorescence, isotype control, CK and VIM according to previous titration. Two tubes were used for indirect staining adding 10 ul of PBS and anti-DES monoclonal antibody, respectively. Samples were incubated for 30 min at 4°C and washed twice with permeabilization solution. Tubes for direct staining were resuspended in PBS and immediately acquired at the cytometer. Tubes for indirect staining were incubated for an additional 20 min at 4°C with AlexaFluor488-conjugated secondary antibody, washed with permeabilization buffer, resuspended in PBS, and acquired. Information about the used antibodies is reported in Table 1.


TABLE 1 List of primary and secondary antibodies used in flow cytometry and immunohistochemistry.
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A minimum of 1,000 large CD11b-negative or CD45-negative events were acquired for each tube. A first gate was set in an FSC-H vs. FSC-A scattergram to exclude doublets and a second morphological gate (FSC-A vs. SSC-A) to exclude events smaller than small lymphocytes. NH cells were gated as large CD11b-negative or CD45-negative events and the positive gate was depicted to include <1% of the events in negative controls (Supplementary Figure 2). Immunoreaction to cytoplasmic markers (CK, VIM, DES) was defined positive when at least 20% of the population fell in the positive gate. All cases were analyzed by the same pathologist (FR), who was blind to IHC results.



2.2 Cell blocks and immunohistochemistry

Cell tube blocks were prepared as previously described (6). H&E-stained sections were assessed for presence of target cells with adequate morphology and cellularity. Cell blocks deemed adequate for IHC were further processed and stained for CK, VIM and DES. Briefly, four micrometer sections were cut, placed on Tomo® IHC adhesive glass slides (Matsunami glass Ltd.) and dried in convection oven at 50°C for 30 min. IHC were performed in one session with an automated immunostainer (BenchMark XT processor, Ventana Medical Systems, Tucson, AZ). Sections were deparaffinized with xylene and rehydrated with decreasing concentrations of ethanol. Endogenous peroxidase activity was inhibited with a peroxide hydrogen 3% solution and heat induced antigen retrieval was performed with CC1 solution (EDTA) for 24 min at 100°C. Incubation was performed at 37°C for 30 min for all antibodies. Antibodies' clones were the same used in FC analysis (Table 1). The Ventana ultraView Universal DAB Detection kit was used for all samples. Histological section of canine intestine, liver, pancreas, spleen, and lymph node were used as controls.

IHC interpretation was performed reviewing May-Grunwald Giemsa cytological preparation and H&E-stained cell blocks to ensure a proper identification of NH-cells and assess the immunoreaction. Sections were assessed for proportion of NH positive cells providing a percentage from 0 to 100. The NH population was defined positive when more than 20% of the cells were positive. All samples were evaluated by the same pathologist (FTC).



2.3 Panel interpretation

Panels were interpreted for both methods based on the expected staining patterns for epithelial cells (CK+VIM-DES-), mesothelial cells (CK+VIM+DES+) and mesenchymal cells (CK-VIM+DES-), according to the most frequent presentation (4, 5, 10, 24). Patterns deviating from what expected were interpreted as “doubtful”.



2.4 Statistical analysis

FC results for each parameter (CK, VIM, DES) are reported in the text as median percentage and range (minimum–maximum). Agreement between FC and IHC results was calculated for the expression (positive or negative) of the individual markers and for the panel interpretation. The degree of agreement was defined according to the kappa value as previously reported (25): poor (0–0.20), fair (0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.80), or almost perfect (0.81–1.00).




3 Results

Thirty-six samples from the pleural (N = 19), peritoneal (N = 11) and pericardial (N = 6) cavities from 36 dogs were included. Patients were 17 females (9 neutered) and 19 males (3 neutered), the mean age was 9.7 years (range 4–15 years).

Results from routine fluid analysis including cytology, total nucleated cell count, total solids and final diagnostic interpretation based on clinical and clinical-pathological data are reported in Supplementary Table 1.


3.1 Flow cytometry

Details of the individual cases are shown in Table 2, Supplementary Table 1. The median proportion of NH cells was 13.1% (range 1.1%−65.3%). Thirty-five out of 36 samples were CK positive. The median proportion of positive target cells was 93.2% (range 45.3%−99.5%). One sample was CK negative (0.3% of the target population). Eighteen out of 36 samples were VIM positive (median 66.3%; range 21.4%−98.9%). Eighteen out of 36 samples were VIM negative (median 7.8%; range 0.4%−18.2%). Sixteen out of 36 samples were DES positive (median 76%; range 34%−96.2%). Twenty out of 36 samples were DES negative (median 4.3%; range 0.1%−18.2%).


TABLE 2 Cytokeratin, vimentin, and desmin results reported by flow cytometry and immunohistochemistry on cell blocks and interpretation of the panel.

[image: Table 2]

According to the panel interpretation, NH cells were mesothelial in 11 cases (CK+VIM+DES+), epithelial in 13 cases (CK+VIM-DES-), mesenchymal in 1 case (CK-VIM+DES-) and doubtful in 11 cases (6 CK+VIM+DES- and 5 CK+VIM-DES+).



3.2 Immunohistochemistry

Details of the individual cases are shown in Table 2, Supplementary Table 1. Thirty-five out of 36 samples were CK positive. The median proportion of positive target cells was 91% (range 72%−100%). In one sample no CK positive cells were present. Twenty-six out of 36 samples were VIM positive (median 87%; range 21%−100%) while 10 samples were VIM negative (median 2.5%; range 0%−15%). Fifteen out of 36 samples were DES positive (median 78%; range 25%−92%) and 21 were DES negative (median 3%; range 0%−15%).

According to the panel interpretation, NH cells were mesothelial in 15 cases (CK+VIM+DES+), epithelial in 10 cases (CK+VIM-DES-), mesenchymal in 1 case (CK-VIM+DES-), and doubtful in 10 cases (CK+VIM+DES-).



3.3 Agreement between FC and IHC results

FC and IHC reported 36 CK concordant results (35 CK+ and 1 CK-) with 100% agreement.

The two methods reported 28 concordant (18 positive and 10 negative) and 8 discordant VIM results with a 77.8% agreement. All discordant cases were VIM- in FC and VIM+ in IHC on cell block. The percentage of positive events in FC was <10% in six cases, 17.4% and 18.2% in the remaining two. The percentage of positive cells in IHC was >70% in all but two cases (21% and 32%). FC and IHC reported 35 concordant (15 DES+ and 20 DES-) and one DES discordant results with a 97.2% agreement. The discordant case was DES+ in FC (34% of positive events) and DES- in IHC (15% of positive cells). Representative IHC pictures and FC scatterplots are shown in Figure 1.
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FIGURE 1
 Cytology and FC results compared with H&E and IHC on cell blocks. Case 25. (A) Cytology. A population of large often vacuolated cells is present along with neutrophils and occasional macrophages. MGG stain. (B) Cell tube block. The two main population detected at cytology are recognized. H&E stain. (C–H) Flow cytometry (C, E, G) and IHC (D, F, H) showing NH are cells positive for CK (C, D) and negative for VIM (E, F) and DES (G, H). Only CD45-negative cells are gated in flow cytometric analysis. Positive cells in (F) are neutrophils [negative in (D, H)].


The panel interpretation was concordant in 27/36 cases (11 mesothelial; 9 epithelial; 1 mesenchymal; 6 doubtful) with a 75% agreement. Among nine discordant cases, five were interpreted as doubtful in FC and mesothelial (4) or epithelial (1) in IHC on cell blocks. While four cases were epithelial in FC and doubtful in IHC. In 8/9 cases the discrepancy was due to VIM+ in IHC and VIM- in FC, in one case the discrepancy was due to DES- in IHC and DES+ in FC.




4 Discussion

Ancillary techniques such as immunocytochemistry and IHC on cell blocks are useful to refine the cytological diagnosis of effusions (10). Despite being routinely used for hematological malignancies in dogs and cats (26), the applications of FC in immunophenotyping NH cells in effusions has not been investigated in veterinary medicine. Here we describe for the first time a flow cytometric approach to immunophenotype NH cells in canine cavitary effusions.

FC requires cells to be in a suspension to be analyzed and body fluids are a “ready-to-use” matrix for this technique, making it a fast and cost-effective method to study effusions and a potential alternative to immunocytochemistry on smears and IHC on cell blocks. In human pathology, FC is being increasingly used to immunophenotype NH cells in effusions with promising results (17–19). FC allows the identification of subpopulations of cells based on morphological properties (i.e., size and complexity) and the use of combination of markers. Here, CD45 or CD11b where used to exclude hematopoietic cells from the analysis and to identify NH cells. Their phenotype was then described based on the immunoreaction to antibodies against three intermediate filaments (CK, VIM and DES). This approach allowed the analysis of samples even in the presence of low percentages of NH cells.

The agreement between FC and IHC in the interpretation of the individual markers was perfect for CK, almost perfect for DES, and substantial for VIM leading to substantial agreement in the final interpretation of the panel. The one case with discordant panel interpretation due to DES led to an epithelial classification in IHC (CK+VIM-DES-) and doubtful in FC (CK+VIM-DES+). This case was a pleural effusion suspected to be mesothelial-neoplastic in cytology; unfortunately, a definitive diagnosis was not available. All the other discordant results were due to a positive VIM reaction in IHC and negative in FC. Half of these cases were CK+VIM+DES- in IHC, interpreted as doubtful, and CK+VIM-DES- in FC, interpreted as epithelial. In this study the profile CK+VIM+DES- was considered doubtful, as possible interpretation include DES- mesothelial cells or VIM+ epithelial cells. DES- mesothelial cells have been previously reported (4, 15); however, this was considered unlikely in these cases. The epithelial origin was further supported by clinical, cytological and/or histopathological diagnosis of carcinoma (2 mammary carcinomas with multiorgan dissemination, 1 lung carcinoma, 1 gastric carcinoma). In these cases, although FC provided the expected phenotype for epithelial cells, a genuine expression of VIM was considered most likely given the strong and specific stain in IHC. VIM+ epithelial cells have been previously reported in effusions (4, 5, 7) and in some carcinomas (27). Variable VIM expression in neoplastic epithelial cells may results from type three epithelial-mesenchymal transition (EMT), where cells lose polarization and stability, gain migratory traits, and increase VIM while decreasing epithelial adhesion proteins like cadherins (28). The reason for the non-recognition of VIM in FC remains to be established and multiple factors may be contributing. NH cells aggregation may have affected permeabilization and prevented antigen-antibody binding. VIM expression may have been too low for detection by FC, where signal brightness correlates with the total amount of antigen in each cell, unlike in IHC, where staining intensity and cytoplasmatic pattern are independent parameters. All these cases were DES-, reinforcing the hypothesis that DES is negative in epithelial cells and suggesting that DES positivity could help to exclude an epithelial origin. In the remaining half of the cases NH cells were CK+VIM+DES+ in IHC, interpreted as mesothelial, and CK+VIM-DES+ in FC, interpreted as doubtful. The profile CK+VIM-DES+ was considered doubtful, as possible interpretation include VIM- mesothelial cells or DES+ epithelial cells. The presence of DES+ epithelial cells has been reported in a small proportion of cells (1–25%) in the effusion of a dog with carcinoma (4). This possibility was considered less likely here as cytology, clinical, imaging, follow-up data were strongly supportive of reactive mesothelial origin of these cells in 3 out of 4 cases; a final clinical diagnosis of ascites due to congestive heart failure, idiopathic pericarditis (alive after 2 years, no relapse) and hemorrhagic pericardial effusion due ruptured right atrial mass consistent with hemangiosarcoma. Unfortunately, insufficient evidence for a definitive diagnosis was available in one case; this was a suspected mesothelioma based on cytology alone; the patients had recurrent pleural effusion with no evidence of a primary lesion on imaging and was euthanized 3 months after presentation, necropsy was declined. These findings support the current evidence that mesothelial cells variably express VIM, ranging from negative to strongly positive (4, 7, 15) and consolidate the hypothesis that lack of VIM does not exclude a mesothelial origin.

Overall, these findings confirm that the co-expression of CK and VIM alone is not reliable in distinguishing between epithelial and mesothelial cells in effusions as previously reported (4) and that a wider panel of markers is necessary. For instance, WT-1 (4, 7) and DES appear to be good candidates for this purpose. Looking at IHC as the reference method, the discrepancies between the two techniques suggest a lower reliability of FC in detecting VIM expression but the addition of DES is useful to rule out an epithelial origin. Further studies investigating different clones to detect VIM expression in FC may be indicated.

Whilst the presence itself of epithelial or mesenchymal cells in the effusion is a strong indicator of neoplasia, further characterization is needed to distinguish between reactive and neoplastic mesothelial cells. Based on the data available in this series, VIM was variably expressed in both suspected reactive and neoplastic mesothelial cells and a possible role of VIM expression in the differentiation between these two is unlikely. In people, DES is mainly used as to distinguish reactive (DES+) from neoplastic (DES-) mesothelial cell (13, 14), while in dogs it appears to be limited to distinguish between mesothelial and epithelial cells (4, 5, 15). In this cohort, six cases showed a doubtful DES- profile both by FC and IHC. Final clinical-pathological interpretation was indicative of neoplastic effusion in five of these cases; however, the limited number of cases and lack of a definitive diagnosis hamper any solid association between the lack of DES and neoplasia. A previously reported, it is likely that DES has lower sensitivity and specificity in dogs than in people to distinguish between reactive and neoplastic mesothelial cells (4, 5, 15); this also suggests that its utility in dogs is most likely limited to distinguish mesothelial and epithelial cells. To accurately differentiate between reactive and neoplastic mesothelial cells, additional markers for cell lineages are necessary. In humans, guidelines recommended using an IHC panel including at least two mesothelial and two epithelial markers, along with epithelial membrane antigen (EMA), glucose transporter 1 (GLUT1) and insulin-like growth factor II mRNA-binding protein 3 (IMP3) to distinguish between mesothelioma and reactive hyperplasia (12). Few of these markers have been tested in dogs for similar diagnostic purposes, such as EMA (29, 30), Calretinin (29, 31–36), HBME-1 (37, 38), WT1 (4, 7, 9, 29, 33, 39), GLUT1 and IMP3 (4, 15). Adding one or more of them to the panel may improve specificity and lineage cell classification accuracy.

Although not a restriction for the principal aim of the study (comparison of the results between FC and IHC), the lack of a definitive histopathologic diagnosis represents a main limitation of our study, hampering the assessment of the diagnostic value of the panel. However, by integrating the results of this study with the current available literature, a possible diagnostic algorithm to interpret a panel including CK, VIM and DES in FC is described in Supplementary Figure 3. Prospective studies based on histopathologic diagnoses on a larger cohort of cases are needed to investigate its application and revisions based on future investigation of markers of reactive and neoplastic mesothelial cells are warranted.

In conclusion, our results show that FC can be a timesaving and multiparametric alternative to IHC on cell blocks in clinical settings. Histopathology of the primary lesion and immunohistochemistry should still be considered the main tools for a definitive diagnosis. However, the described method is an effective and non-invasive technique to refine the cytological diagnosis and can be easily integrated into routine panels to diagnose and characterize hematopoietic disorders. The FC and IHC interpretation of the panel is similar in most cases; however, occasional discordant results, particularly for VIM, may occur. A larger cohort of cases with histologic diagnosis is needed to evaluate the diagnostic accuracy of this technique and of the proposed algorithm. Being FC a flexible method that guarantees multiparameter analysis, the development of a multicolor approach and the inclusion of additional markers can improve and consolidate the panel.
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Walruses =3, 18 samples (6 per animal) 62.6:+2.17 (min: 50; max: 79) 363443 (min: 13; max: 64)

ghteen samples from 3 walruses were analyzed. The table shows the % of monocytes and granulocytes capable of ingest the pathogen and produce respiratory burst i the global population.
All animals were adult females so differences by sex or age could not be evaluated. No significant differences were observed between the animals (NSD: p0.05). The minimum and maximum
values are also detailed in the table.





OPS/images/fvets-11-1389977/fvets-11-1389977-t003.jpg
% phagocytic cells that ingested E. coli

(mean + SEM)

% phagocytic cells producing respiratory
burst (mean + SEM)

Beluga whales n=3, 20 samples 6174 1.4 (min: 52 max: 74)
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Female n=1, 8 samples 65524
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32463

Tuwenty samples from 3 beluga whales were analyzed. The table shows the % of monocytes and granulocytes capable of ingest the pathogen and produce respiratory burst in the global
population and by sex and age. The minimum and maximum values are also detailed. No significant differences were observed by age (NSD: p>0.05). Phagocytic cells from female presented a

ignificant higher ingestion capacity than males (p=0.0175%).
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% phagocytic cells that ingested E. coli % phagocytic cells producing respiratory

(mean + SEM) burst (mean + SEM)

Sealions =4, 4 samples 57,5443 (min: 51; max: 70) 40.810.2 (min: 21; max: 68)
Males n=2, 2 samples 546+25 321521125
Females n=2, 2 samples 605£9.5 4955185

Four samples from 4 sea lions were analyzed. The table shows the % of monocytes and granulocytes capable of ingest the pathogen and produce respiratory burst in the global population and
by sex. All the animals were adults so differences by age could not be evaluated. The minimurm and maximur values are also detailed. No significant differences were abserved by sex (NSD:
p20.05). These results should be taken with caution due to the small sample size
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% phagocytic cells that ingested E. coli % phagocytic cells producing respiratory

(mean + SEM) burst (mean + SEM)
Bottlenose dolphins 1= 15, 44 samples 59.6:41.27 (min: 53; max: 69) 342:£3.6 (min: 9 max: 48.6)
Adults n=12,36 samples 591413 32438
Calves =3, 8 samples 619535 483503
Males n=5, 17 samples 603£27 4242215
Females n=10, 27 samples 593515 31447

Forty-four samples from 15 dolphins were analyzed. The table shows the % of monocytes and granulocytes capable of ingest the pathogen and produce respiratory burst n the global
population and by sex and age. The minimurm and maximun values are also detailed. No significant differences were observed by sex or age (NSD: p0.05).
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MHC, major histocompatibility complex; WC1, workshopcluster 1; APC, allophycocyanin;
FITC, fluorescein isothiocyanate; PE, phycoerythrin; poly, polyclonal.
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Secondary antibody

et cocktail
1 CD45/CD172a Mouse IgG1-FITC/Mouse IgG2a-PE
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MHC, major histocompatibility complex; WC1, workshop cluster 1; APC, allophycocyanin
FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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Neutrophils were isolated from the lower interface of the double-density gradient (s

for CD21).
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Neoplasm Number

B cell 37 0(0%)

Chronic lymphocytic 5 0(0%)

leukemia

Lymphomaleukemia 2 0(0%)

Teell 35 0(0%)

Chronic lymphocytic 2 0(0%)

leukemia: CDS"

Lymphomaleukemia 3

cp4' 10 0.(0%)

Ccps* 8* 0(0%)

CD4'/CDS* 2 0(0%)

CD4-/CDS 13 0(0%)

Acute myeloid leukemia 39 28 (72%)
Unclassified 1 0(0%)

Myelomonocytic 9 6(67%)
Myelomonocytic 1 1(100%)
(cytochemistry)

Monocytic/monoblastic 20 18 (90%)
Monocytic/monoblastic 5 1(20%)

(eytochemistry)

Megakaryoblastic 3 2(66%)
“Mixed lineage” leukemia 1 4(36%)
Myeloid antigens/CD3" 2 2(100%)
Myeloid antigens/CD5* 1 0(0%)
Myeloid antigens/CD22* 1 0(0%)
Myeloid antigens/CD3/ 1 1(100%)
CDs'/CD22

Cytochemistry/CD3* 1 0(0%)
Cytochemistry/CD5* 3 0(0%)
Cytochemistry/CD3'/CD5* 1 0(0%)
Cytochemistry/CD22" 1 1(100%)

“Includes a Golden Retriever with a granular lymphocytosis in blood and bone marrow and
a concurrent lymphocytosis of CD45- cells (T zone).
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Target antigen Registry number or source

CD3-FITC/CD4-PE/CDS-APC Bio-Rad Cat# TCO14, RRID:AB_808411

CD5-FITC/CD21-PE/CD45-APC CD5: Bio-Rad Cat# MCA1037F, RRID:AB_322643; CD21: BD Biosciences Cat# 555422; RRID:AB_395816
CD45: Bio-Rad Cat# MCA1042APC, RRID:AB_324810

MHCII-FITC/CD34-PE/CDS0-APC MHCIL: Bio-Rad Cat# MCA1044F, RRID:AB_322642; CD34: BD Biosciences Cat# 559369, RRID:AB_397238;
CD80: ThermoFisher Scientific Cat# 17-0801-82, RRID: AB_469417.

CD4-FITC/CD14-PE/MHCII-A647 CD4: Bio-Rad Cat# MCA1038F, RRID:AB_321271, CD1
Bio-Rad Cat#MCA1044A647, RRID: NA

gilent Cat# R086401, RRID:AB_579551; MHCII:

CD11b-FITC#/CD22-PE or CD34-PE/CD11¢-APC* CD11b: Cell Signaling Technology Cat# 244425, RRID: NA;
CD22: Abcam Cat# ab23620, RRID:AB_447570,
CD11¢: Biolegend Cat# 117310 (also 117,309), RRID:AB_313779

CDI11b-FITC/CD34-PE/CD18-A647* CD18: Bio-Rad Cat# MCAS03A647, RRID:AB_324799

This panel was used for routine diagnostic testing and for samples submitted as part of an acute leukemia research study. Before April 2021, the same antibody clones (exceptions noted) were
used with the same or different fluorophores a single labels, with limited double labeling (MHCII and CD34 in some cases, CD14 and CD4, CD4 and CD8), for routine diagnostic testing.
“The antibodies against CD18 and CD1 1¢ were not used in al cases acquired after April 2021. In single color panels before April 2021, unconjugated antibodies were used to detect CD11b
(Biorad Catr MCA1777, RRID:AB_322922), CD11c (Bio-Rad Cat# MCA1778S, RRID:AB_3229420), and CD18 (Bio-Rad Cat# MCAI780, RRID: AB_2128639). Note the latter antibody isa
different clone [CAL4E9] from the anti-human CD18 antibody in the table and labesall leukocytes (29), so results for this antibody are not included in this study. A647, Alexa Fluor™ 647;
APC, Allophycocyanin, FITC, Fluorescein isothiocyanate, NA, Not available, PE, Phycoerythrin.
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Target antigen

CD3-FITC/CD4-PE/CDS-APC.
CD5-FITC/CD21-PE/CD45-APC
MHCII-FITC/CD34-PE/CD80-APC
CD5-FITC/CD22-PE/CD25-A660

Before 2021, the same antibodies were used as single labels with the same or different
fluorophores, with limited double labeling (MHCII and CD34 in some cases, CD4 and CD).
“The same antibodies listed in Table | were used in this panel. Resource registry number
CD25: Thermofisher Scientific Cat#50-0250-42, RRID:AB_10609350. A660, Alexa Fluor™
660; APC, Allophycocyanin, FITC, Fluorescein isothiocyanate, PE, Phycoerythrin.
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CD80* percentage*  CD80* MFI (units)*

Median Range Median Range

CD14* 100 97.9-100 153 93-204
monocytes
CD14~ 98.6 96.3-99.9 132 99-208
neutrophils

Cells gated as lymphocytes did not label with the anti-CD80 antibody; their MFI (median,
Gunits) was similar to the isotype control (median, 5units) (p=0.750). *The median
percentage of CD8O" cellsand CDSO MFI in CD14' monocytes and CD14” neutrophils was
not significantly different (p>0.05)
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Isotype Fluorescence labelling  Source® Target species /

species cross

reactivity

3 cp312 rIgGl FITC Bio-Rad Anti-human (15)
C4 Vg4 migG1 APC Bio-Rad Anti-feline

cps FELIBIL migG1 FITC Bio-Rad Anti-feline

cps vpgo migG1 PE Bio-Rad Anti-feline

cis CAL4E9 migG1 Alexa647 Bio-Rad Anti-canine (16)
cp21 CA21D6 migG1 Alexa647 Bio-Rad Anti-canine(16, 17)
CD79acy HMS7 migGL APC Dako Anti-human (1)

m, mouse; , rat; FITC, fluorescein isothiocyanates APC, allophycocyanin; PE, phycoerythrin.
Rad, Hercules, CA, United States; Dako Cytomation, Glostrup, Denmark.
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Tube Nr. b
mIgGI-FITC
1 mIgG1-PE
migG1-Alexa6d7 Bio-Rad
CD4-FITC Bio-Rad
2 CD8PE Bio-Rad
CDI8-Alexa647 Bio-Rad
mIgGI-FITC Bio-Rad
’ mIgG1-APC Dako
CD5-FITC Bio-Rad
! CD79-APC Dako
FIgG1-FITC Bio-Rad
: mIgG1-Alexa647 Bio-Rad
CD3-FITC Bio-Rad
¢ CD21-Alexab47 Bio-Rad

The tubes with the numbers 1, 3,5 are the isotype controls followed by the respective specific
antibody combinations in tubes 2,4, 6. All tubes contained exclusively directly conjugated
antibodies. Column 1 describes the number of the respective tubes, column 2 the
monoclonal antibody, column 3 the company source of the antibody. The cells only and lfe
dead staining control tube is not lsted in the Table. n all tubes shown, the eBioscience™
Fixable Viability Dye eFluor™ 780 staining was added. m, mouse; , rat; FITC, fluorescein
isothiocyanate, APC, allophycocyanin; PE, phycoerythrin.

‘Bio-Rad, Hercules, CA, United States; Dako Cytomation, Glostrup, Denmark,
SouthernBiotech, Birmingham, Alabama, United States.
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Antibody Cloi Fluorochrome  Target cells Reference Dilution SMART Tube
Mouse anti-cat CD4-FITC 3-4F4 FITC T-helper cells Ackley etal. (13) 150 no
Mouse anti-cat CD4-FITC vpg3d FITC T-helper cells Callanan et al. (14) 10 yes
Mouse anti-feline CD8-PE fCD8 PE cytotoxic T-cells Klotz and Cooper (15) 1100 yes
Mouse anti-human CD14-PacificBlue | TUK14 | PacificBlue monocytes, granulocytes  Jacobsen etal. (16) 150 no
Mouse anti-cat MHCIT PF6J6D | CFA05M* lymphocytes, monocytes | Huntetal. (17) 120 yes
Mouse anti-human CD21-APC By APC Becells Fischer etal. (15) 15 yes
Mouse anti-dog CD21 CA21D6 | PerCP-Cy5.5" Becells Cobbold and Metcalfe (19 1:500  no

n0, antibody did work on fresh blood cells but not on the SMT-fixed cells; yes, antibody did work on both, the fresh blood cells and the SMT-fixed cells. *This antibody is only available
purified; 5o, it was conjugated to CF405M using the Mix-n-StainTM CFTMA403M Antibody Labeling Kit (Sigma-Aldrich®, St. Lous, United States). “This antibody was obtained purified; 5o, it
was conjugated to PerCP-Cy5.5 using the Lynx Rapid Antibody Conjugation Kit (BioRad Laboratories, Feldkirchen, Germany).
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Neutrophils Monocytes CD4+ CD8+ CD21+

Samales Mean + SD Mean +SD Mean + SD Mean + SD Mean + SD
P (CVin %) (CVin %) (CVin %) (CVin %) (CVin %)

Fresh blood 293£0.02(062) 0.290.00 (0.84) 0915001 (0.61) 1.03£0.01 (0.73) 0.920.01 (0.60)

Smart tube 3342001 (026) 0.25£0.00 075) 0.73£0.00 0.65) 084000 (0.43) 0.75£0.00 (048)

SD, standard deviation; C; coeffcient of variation. The absolute leukocyte counts determined by routine hematologic procedures using the in-house automatic analyzer ProCyte Dx (IDEXX
Laboratories, Inc, Maine, United States) were multiplied by the percentage of the respected subpopulations from total single cells determined by flow cytometry;all means of the cell counts of
each subpopulation are given in x109/
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Neutrophils Monocytes Lymphocytes* CD4+ CD8+ CD21+

r r r r r ]
Slope (CI)/ Slope (CI)/ Slope (CI)/ Slope (CI)/ Slope (CI)/ Slope (CI)/
Intercept (Cl) Intercept (CI) Intercept (CI) Intercept (Cl)  Intercept (CI) Intercept (CI)
FB/ Diff 0985 0982 0979 - - -
103 (0.94-1.11)/ 0.96 (0.81-1.10)/ 0.93 (0.84-1.04)/
~0.36 (~091-0.23) 0.00 (~0.04-0.05) ~0.11 (~0.47-0.08)
SMT/Dff 0.994 0987 0979 - - -
1.02(0.97-1.09)/ 1.01 (0.85-1.08)/ 0.95 (0.80-1.01)/
~0.19 (~0.72-0.11) ~0.01 (~0.05-0.04) ~0.14 (~041-0.12)
sMT/ 0992 0990 0997 0.990 0983 0.986
B 1.02(0.95-1.08)/ 1.00 (0.84-1.05)/ 104 (LO1-L11)/ 111 (0.99-1.25)/ 101(0.88-1.23)/ 111 (091-1.20)/
~021 (~0.66-0.18) 0.00 (~0.02-0.05) ~0.04 (~0.16-0.01) —001(-0.09-003) | -000(-005-0.02) | 0.00(-0.04-0.08)

5, Pearson's correlation coeffcient; CI, 95% confidence intervals; SMT, fixed cells with Smart Tube System; Diff differential blood count with automatic hemocytometer, FB, fresh blood.
“Lymphocyte numbers were calculated by adding up the numbers of CD4+, CD8+, CD21+ and “marker-negative” lymphocytes.
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Mo RPB APB AEB S|
Walruses n=3, 12 —11.6407 (mi 717175 (min: 13; | 39.7:£4 (min: 13; 260193171 (min: 18,320.5:+2.622 (min: 14.6£7.8 (min:
samples ~15; max: =7) ‘max; 226) max: 67) 11247; max: 41778) 9021; max: 37630) —25; max: 51)

All the animals were adult females.
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