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High-parameter immunophenotyping reveals distinct immune cell profiles in pruritic dogs and cats
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Introduction: Immunophenotyping is a powerful tool for grading disease severity, aiding in diagnosis, predicting clinical response, and guiding the development of novel therapeutics.

Methods: This pilot study employs high parameter immunophenotyping panels (15 markers for dog, 12 for cat) and leverages unsupervised clustering to identify immune cell populations. Our analysis uses machine learning and statistical algorithms to perform unsupervised clustering, multiple visualizations, and statistical analysis of high parameter flow cytometry data. This method reduces user bias and precisely identifies cell populations, demonstrating its potential to detect variations and differentiate populations effectively. To enhance our understanding of cat and dog biology and test the unsupervised clustering approach on real-world samples, we performed in-depth profiling of immune cell populations in blood collected from client-owned and laboratory animals [dogs (n = 55) and cats (n = 68)]. These animals were categorized based on pruritic behavior or routine check-ups (non-pruritic controls).

Results: Unsupervised clustering revealed various immune cell populations, including T-cell subsets distinguished by CD62L expression and distinct monocyte subsets. Notably, there were significant differences in monocyte subsets between pruritic and non-pruritic animals. Pruritic dogs and cats showed significant shifts in CD62LHi T-cell subsets compared to non-pruritic controls, with opposite trends observed between pruritic cats and dogs.

Discussion: These findings underscore the importance of advancing veterinary immunophenotyping, expanding our knowledge about marker expression on circulating immune cells and driving progress in understanding veterinary-specific biology and uncovering new insights into various conditions and diseases.
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Introduction

Flow cytometry is a technique for identifying, characterizing, and quantifying cells by measuring the expression of cell-specific markers. Known as immunophenotyping, this process reveals critical insights into disease mechanisms and facilitates biomarker discovery. While extensively used in human clinical research, its application in veterinary research is growing, particularly in veterinary oncology where it is being used to characterize certain cancers (1). However, veterinary immunophenotyping panels have traditionally lagged behind their human counterparts due to a limited availability of species-specific antibodies and fewer available fluorophore options for these species-specific antibodies. To address this gap, we developed a high parameter immunophenotyping panel by identifying cross-species antibodies and utilizing spectral flow cytometry to overcome fluorophore limitations.

High parameter panels allow each cell to be characterized by multiple markers. Manual gating, however, limits analysis to two markers at a time and relies heavily on user expertise and subjective judgement, introducing bias and variability. As the number of markers increases, data complexity grows. Unsupervised clustering, powered by machine learning, reduces user bias, providing an objective analysis without pre-conceived notions on how cell populations should be gated. These methods group cells based on their similarities in marker expression across all markers at once, without relying on subjective human gating, which increases the reliability of the results. Furthermore, clustering can uncover patterns and relationships in the data that might not be apparent through manual analysis, and this can lead to the discovery of rare and/or novel cell populations.

Our real-world samples allowed us to identify differences in the immune cell landscape of the blood between animals with active pruritic behavior, a common clinical sign associated with canine and feline allergy, and those undergoing routine health checks (non-pruritic controls). In humans and mice, effector T-cells, including CD4 and CD8 T cells, are pivotal in pruritic behavior, especially in atopic dermatitis (AD). T helper 2 (Th2) type cytokines potentiate interactions between nerves and T lymphocytes. For example, interleukin-31 (IL-31), a pruritogenic cytokine produced by Th2 cells (3, 4), is significantly upregulated in pruritic AD patients, leading to severe itching. In addition, neutrophils and monocytes also play significant roles in pruritus. In an AD mouse model, neutrophils were shown to promote itch by triggering CXCR3-dependent pathway in sensory neurons, causing skin hyperinnervation, and increasing expression of itch signaling molecules. Neutrophil depletion in this model also reduces scratching (5). Monocytes, particularly intermediate monocytes, are linked to the severity of uraemic pruritus in human patients (6). Monocytes release many proinflammatory cytokines, including Oncostatin M (OSM). While OSM does not directly cause itch, it is hypothesized to induce hypersensitivity by enhancing neuronal responses to histamine and leukotriene. Many inflammatory skin diseases, including cutaneous T-cell lymphoma, psoriasis, and atopic dermatitis, show an overexpression of OSM in skin lesions (7, 8).

This study provides an updated, comprehensive list of immunophenotyping markers for cats and dogs. A limitation of this study is that the only inclusion criteria was active pruritic behavior. However, this focus is justified as pruritis is a cardinal sign of allergic and atopic dermatitis, which guided our hypotheses. Pruritic behavior in dogs can also be caused by lymphomas. We ensured BioIVT included cancer/lypmhoma diagnoses in the metadata, and none of the samples were from animals with these conditions. Future studies could benefit from well-defined case criteria to compare pruritic behavior due to known diagnoses. Identifying cell types and their functions during pruritis will lead to more complex hypotheses about the role of these immune cell subsets in canine and feline allergies. Furthermore, this study demonstrates that flow cytometric analysis can detect potentially significant alterations of leukocyte populations independently of the leukogram. This data can help detect variations in cellular subsets across different disease states, treatments, or disease models and this work underscores the importance of advancing veterinary immunophenotyping, driving excitement and progress in understanding veterinary-specific biology and uncovering new insights into disease.



Materials and methods


Canine and feline patients
 
Ethics

Written informed owner consent was obtained for all client-owned specimens. We worked with BioIVT, a leading global provider of high-quality biological specimens, to source animal biospecimens from recruited veterinary clinics. BioIVT recruited client owned animals (n = 37 dogs, n = 42 cats); these animals fell into one of two categories: pruritic behavior (n = 29 dogs, n = 42 cats) or non-pruritic (routine checkup; n = 8 dogs). Additional non-pruritic control blood (n = 25 cats; n = 10 beagles) was collected from laboratory animals maintained by BioIVT for routine use to supply biospecimens to life science and diagnostic industries. Samples from five pruritic beagles with presumptive diagnoses of canine atopic dermatitis were obtained from an internal colony whose clinical signs were managed by internal veterinarians. Additional non-pruritic blood was collected from three laboratory beagles (also housed internally). All animal sample collection was approved by the Institutional Animal Care and Use Committee (IACUC). BioIVT collected metadata (gender, age, weight, breed, formal diagnosis, current medications, and start date of pruritic symptoms) when possible, but this information was missing for most pruritic animals. Only four cats (of 42 pruritic cats) had a formal diagnosis for their pruritic behavior: two cats had fleas, and two cats had a food allergy. Of the dogs identified by BioIVT, three dogs had a formal diagnosis for their pruritic behavior: two dogs were officially diagnosed with canine Atopic Dermatitis (cAD), and one of those dogs also had a separate food allergy. The third dog had a food allergy. Figures 2A, 6A have a breakdown of the pruritic and non-pruritic animals.




Sample handling, flow cytometry staining, and spectral data acquisition

One to three mL of whole blood was collected in K2EDTA tubes. It was shipped priority overnight at ambient temperature to Fort Collins, CO. Once the samples were received, the blood was gently mixed by inverting. A complete blood cell count (CBC), including white blood cell (WBC) differential, red blood cell (RBC) and platelet counts, platelet measurements and hemoglobin concentration was completed (Element HT5 automated hematology analyzer, Heska). Basophils were not reliably detected in all animals and were not reported. Background check and daily quality control were performed each day before running any samples. All measured parameters fell within normal range. Although all measured parameters fell within normal range and were not flagged as abnormal, there were significant differences noted between non-pruritic and pruritic animals.

Whole blood (100 μL for canine and 200 μL for feline) was added to a 96-well deep well plate. Canine blood was incubated with Zombie NIR Fixable viability stain (BioLegend) and feline blood was incubated with Live-or-Dye 510/550 Fixable viability stain (Biotium). Next, 50 μL of antibody master mix was added directly to the blood and mixed and left at 4°C (protected from light) for a total of 30 minutes; for feline blood, APC-R700 Streptavidin was added for the final 15 min of staining. After staining, 1 mL of BD FACS buffer was added to the deep well and the whole blood was pelleted at 200 rcf for 5 min. The supernatant was aspirated and then resuspended in 1 mL of 1x RT 1-step Fix/Lyse Buffer (Invitrogen, Waltham, MA, USA). After 15 min, the lysed blood was spun at 200 rcf for 5 min and the supernatant was aspirated completely. The remaining cell pellet was resuspended in 200 μL of BD FACS buffer. Samples were run within 72 h of fixing. Sample data was collected on a 5-laser Aurora spectral cytometer (Cytek). Prior to running samples, daily instrument quality control was performed. One pruritic feline sample and two pruritic canine samples were not stained for flow analysis due to timing and/or staining issues. Therefore, all flow cytometry plots represent 41 pruritic feline and 33 pruritic canine samples.

Immunophenotyping panels were designed and optimized to identify cell populations in canine and feline blood (see Supplementary Figures 2C, 4C for NxN matrices used to evaluate unmixing for canine and feline panels, respectively). Cross-reactive anti-human and anti-mouse antibodies were identified from literature and from internal testing. All cross-reactive antibodies were validated by confirming they specifically bound to their target cell populations by co-expression of other defining markers. Furthermore, each antibody was titrated. A feline anti-CD25 was not included because the clone (9F23) is not commercially available. A canine anti-TCRγδ was not included due to limited fluorophore availability. Single-color controls were run on a combination of cells and UltraComp eBeads Plus (ThermoFisher) for unmixing. Flow Cytometry Standard (FCS) files were exported and analyzed using FlowJoTM Software and cleaned up (see Supplementary Figures 2A, 4A for gating strategy to remove debris, CD44- cells, aggregates, and dead cells) before submission to the scFlow pipeline.



Antibodies

Antibodies and their sources used in the canine and feline immunophenotyping panels are detailed in Tables 1, 2, respectively.


TABLE 1 Canine immunophenotyping panel.
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TABLE 2 Feline immunophenotyping panel.
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Flow cytometry pipeline—scFlow

To support these multispectral flow cytometry analyses, we developed an internal, proprietary full-stack web application, scFlow, featuring a user interface and python backend, whose purpose is to decrease the time spent preprocessing, clustering, and running statistical analyses for flow cytometry data. The scFlow pipeline helps to reduce user bias by standardizing certain aspects of the analysis and using unsupervised machine learning for cell type identification over manual gating. scFlow features six primary steps: preprocessing, aligning and thresholding, batch correction, clustering, integration, and analysis. All software used to build scFlow is publicly available, and packages/parameters are outlined in detail in Supplementary Table 1.



Preprocessing

The scFlow pipeline begins with reading in raw .fcs file outputs from FlowJoTM Software and then performing a logicle (negative biexponential) transform (W = 0.5, M = 4.5, A = 0) of the raw fluorescence values using the python library FlowKit (v1.0.1). This transformation's purpose is to have logarithmic scaling effect on the exponential scale of the fluorescence intensity across the various markers while handling negative and zero values.



Alignment

Once samples are transformed, the negative peaks of sample batch distributions for each marker are aligned by either a fluorescence-minus-one (FMO) control or by visual inspection of the negative peaks. This is done as a first-pass manual batch correction where it is assumed that negative marker peaks should align across different batches of samples (Figure 1A).


[image: Figure 1]
FIGURE 1
 Flow cytometry pipeline - scFlow. (A) Aligning negative (early) peaks in different batch distributions for the CADO48A marker using the scFlow app. (B) scFlow cluster-marker expression dot plots to identify low (blue) and high (red) marker expression clusters. (C) UMAP of cell marker expression colored by manually annotated cell type.




Batch correction

After the manual alignment and prior to clustering, we down-sample the cells to 200,000 cells while balancing the number of cells per batch to save computational resources. Then the samples are batch corrected using the Harmony algorithm via the harmonypy python package (v0.0.9) with default parameters. Originally Harmony was designed for single-cell RNA sequencing data, it allows for multiple experimental and biological factors while outperforming previously published batch correction algorithms (19). Harmony was chosen over other methods, such as ComBat, by comparing batch integration across many of our flow cytometry experiments using the first several principal and UMAP components (20, 21). The primary downstream goal of batch correction is to identify cohesive cell-type populations and therefore the minimal batch size (sample) was chosen to produce homogeneous clusters.



Clustering

Once samples have been batch corrected, then cell clusters are identified using unsupervised clustering on the multi-dimensional marker expression profiles for each cell. This approach has many benefits over the manual gating process traditionally used in the FlowJo software. One main benefit is that such an algorithm uses all the markers at once to determine a non-linear cluster boundary, as opposed to many two-dimensional bounding rectangles, which fail to represent the true cluster boundaries—as well as introduce user bias at each gating step.

scFlow utilizes the Leiden clustering by default via the leidenalg python package (v0.10.1), an iterative hierarchical network-based community detection machine learning algorithm that improves upon the Louvain algorithm (22). At each step, it reassigns subcommunity memberships to optimize community modularity, enhancing cluster quality, see Figure 1B. Users can also further subcluster their clusters to expose rarer cell populations. scFlow boosts computational efficiency by calculating the global neighborhood graph once during the initial clustering phase, then extracting and normalizing each cluster's subgraph before applying Leiden clustering again. Newly identified subclusters are then integrated back into the global community structure, saving time and resources. All parameters outside of the cluster resolution for the leiden algorithm were held constant for this analysis. The value of the resolution changes per clustering/subclustering step to produce more or less clusters. Clusters which are equivalently annotated are consolidated.

scFlow uses cluster-marker expression dot plots to help with annotating cell clusters with a specific cell type, see Figure 1C. The plot features various heatmap settings to better distinguish marker relevance such as the mean intensity or log-fold change difference in marker expression of one cluster vs. the others.



Integration

After the down-sampled cells have been properly annotated, the out-of-sample cells need to be re-integrated and annotated. scFlow achieves this by computing the entire neighborhood graph across all cells using a naive k-nearest neighbors implementation (k = 20) leveraging the high-speed and efficient Faiss vector search and indexing library (v1.7.4) developed by Meta (23). This enables the practical and time efficient computation of an entire neighborhood graph containing upwards of tens of millions of cells.

Once the graph has been computed, an out-of-sample cell can be annotated by looking at the cell types of its annotated neighbors and taking a majority vote. scFlow allows a confidence percentage threshold X to be set so that any out-of-sample cells which have less than X% neighbors of the majority cell type are discarded from downstream analysis. This allows the user to have high-confidence in the machine-assigned cell type. A confidence percentage threshold of X = 80% was used for the results of this paper. The user can also get a breakdown of the percent mapped per cell type to identify any transient cell populations, i.e., those populations which are blended with many other well-established cell types.



Analysis

Two non-parametric statistical tests are used for evaluating differences between two comparison groups. The first test, the Wilcoxon Rank Sum (WRS) Test (also known as the Mann Whitney U-Test), utilizes the sum of the ranks to determine if the groups come from the same distribution. The second test, the two-sample Kolmogorov-Smirnov (KS) test, employs the largest difference between two distributions as a test statistic to assess if the distributions are identical. The KS test's sensitivity increases with sample size, making it particularly suitable for analyzing flow cytometry data, which can involve millions of cells.

Both statistics generate p-values and q-values (false discovery rate, FDR) to order the comparisons by. The q-values in all cases are computed via the Benjamini-Hochberg (BH) procedure, which considers all the p-values across the different comparisons and corrects each one relative to its significance to the rest. While the Bonferroni correction controls the family-wise error rate by adjusting the significance threshold, the BH procedure is less conservative and controls the false discovery rate, allowing for a higher rate of true positive findings, a desired feature within discovery.

In the cell proportion analysis, the proportion of each cell type is computed per sample, and the resulting distributions across samples for each group and cell type are compared. Both WRS and KS are used to determine the statistical significance of cell proportion distribution differences. See the Supplementary Table 1 for all python packages and their specific versions used for this analysis.




Results


Canine hematological data

A breakdown of the sources of pruritic and non-pruritic dogs is shown in Figure 2A. Table 3 summarizes the canine hematological data. While pruritic dogs had significantly (p = 0.0313) decreased white blood cell (WBC) counts than non-pruritic dogs, there were no significant differences in the percentage of circulating neutrophils, monocytes, lymphocytes, or eosinophils. Platelets were slightly decreased (ns) in pruritic dogs compared to non-pruritic dogs. Although not significant, pruritic dogs had an increase in hemoglobin concentration compared to non-pruritic dogs (p = 0.0549), despite no significant differences noted in RBC counts (or hematocrit values) (Figure 2B) (see Table 3).
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FIGURE 2
 Pruritic dogs have significantly decreased White Blood Cell (WBC) counts compared to non-pruritic dogs. Breakdown of pruritic and non-pruritic dogs (A). Blood collected in K2EDTA tubes were inverted multiple times and then were run on the Element HT5 automated hematology analyzer (Heska Corporation, USA) for complete blood cell (CBC) counts and a five-part white blood cell differential (B): WBCs, Eosinophils, Neutrophils, Lymphocytes, Monocytes, Platelets, RBCs, Hematocrit, Hemoglobin. JMP was used for statistical analyses and plots were made in Graphpad. Violin plots were used to visualize the distribution of data [n = 21 non-pruritic dogs (orange) n = 34 pruritic dogs (green)]. Statistical analysis was performed by unpaired t test with Welch's correction. *Two-tailed p-value = 0.0313.



TABLE 3 Canine hematological data.
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Canine immunophenotyping

We were able to identify the major cell populations in dogs and cats (neutrophils, eosinophils, monocytes, and lymphocytes) and subclustering showed unique subsets of these populations. All clusters were identified by using expression (or lack of expression) of integrins, cell surface molecules, and known activation markers (Figure 3A). Canine eosinophils were identified by their increased granularity relative to other cell types (high side scatter; SSC), their large size and their inherent autofluorescent nature.


[image: Figure 3]
FIGURE 3
 scFlow clustering analysis. Whole blood was stained with Zombie NIR Fixable viability stain and a 14-color immunophenotyping panel. Unique populations were identified through clustering, including subpopulations of CD4+ and CD8+ T-cells and Monocytes (A). Three monocyte subsets were identified in the dog by evaluating the mean intensity (mean corrected) of key markers (B) and quantified (C). Data shown are violin plots [n = 21 healthy dogs (orange) and n = 33 pruritic dogs (green)]. Statistical analysis was performed by unpaired t-test with Welch's correction. *Two-tailed p-value = 0.0441.


Clustering analysis of the canine flow cytometry data identified three subsets of monocytes: classical monocytes, CD4+ monocytes and CD14Dim monocytes. Expression of CD4, CD14, CD11b, CD49d, CD62L, and MHCII were used to classify the monocytes into subsets (Figure 3B). CD14Dim monocytes had decreased expression of CD14, CD11b, and CD62L compared to classical monocytes. CD4+ monocytes were unique in their expression of CD4; these monocytes also had decreased MHCII expression and CD49d expression relative to the other monocyte subsets. While the fraction of monocytes reported by the CBC differential did not differ between non-pruritic and pruritic dogs, there was a significant increase (p = 0.0441) in the fraction of CD4+ monocytes within the monocyte population of pruritic dogs compared to non-pruritic dogs (Figure 3C).

The CBC differential only reports total lymphocytes, whereas multispectral flow cytometry allows unique identification of T-cells and B-cells. Surface expression of CD21, CD49d and MHCII were used to identify canine B-cells. The fraction of B-cells did not differ between pruritic or non-pruritic dogs. T-cell subsets were identified in the original clustering, but to better define T-cell populations, CD5+ lymphocytes were gated and the CD5+ population was clustered separately (Figure 4A). Expression levels of CD62L, CD49d and CD25 were used to define T-cell subsets (Figure 4B). The fraction of CD62LHi CD8+ T-cells was increased in pruritic dogs. There was a trend for an increased fraction of CD25+ CD4+ T-cells. There was no difference in the CD4:CD8 T-cell ratio between pruritic or non-pruritic dogs (Figure 4C).


[image: Figure 4]
FIGURE 4
 scFlow clustering analysis of CD5+ Lymphocytes. CD5+ Lymphocytes were clustered and T-cell subsets were identified (A). Umaps showing marker expression (B). Quantification of T-cell subsets in dogs (C). Data shown are violin plots [n = 21 non-pruritic dogs (orange) and n = 33 pruritic dogs (green)]. Statistical analysis was performed by unpaired t-test with Welch's correction. *Two-tailed p-value = 0.0361.




Feline hematological data

A breakdown of the number of pruritic and non-pruritic cats is shown in Figure 5A. Table 4 summarizes the feline hematological data. The WBC count was significantly increased (p < 0.0001) in pruritic cats compared to non-pruritic cats and pruritic cats had significant shifts in circulating immune cells (Figure 5B). The absolute counts of eosinophils and neutrophils were significantly increased in pruritic cats (p < 0.0001) as compared to non-pruritic cats. See Table 4 for complete feline hematological results.
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FIGURE 5
 Pruritic cats differ significantly from non-pruritic cats in multiple hematological parameters. Breakdown of pruritic and non-pruritic cats (A). Blood collected in K2EDTA tubes were inverted multiple times and then were run on the Element HT5 automated hematology analyzer (Heska Corporation, USA) for complete blood cell (CBC) counts and a five-part white blood cell differential (B): WBCs, Eosinophils, Neutrophils, Lymphocytes, Monocytes, Platelets, RBCs, Hematocrit, Hemoglobin. JMP was used for statistical analyses and plots were made in Graphpad. Violin plots were used to visualize the distribution of data [n = 25 non-pruritic cats (orange); n = 42 pruritic cats (green); within the pruritic cats, cats that had food allergy are colored dark orange and cats with known fleas are colored in blue]. Statistical analysis was performed by unpaired t-test with Welch's correction. Two-tailed p-values are reported: *p < 0.05, **p < 0.01, **p < 0.0001.



TABLE 4 Feline hematological data.
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Feline immunophenotyping

As described for the canine immunophenotyping results, our analysis showed separate clusters for the major immune cell populations (neutrophils, eosinophils, monocytes, and lymphocytes). These clusters were further subclustered and identified by expression (or lack of expression) of integrins, cell surface molecules, and known activation markers (Figure 6A). Like canine eosinophils, feline eosinophils have increased granularity relative to other cell types, are much larger than other cell types, and are inherently autofluorescent. As reported in the CBC, scFlow analysis also identified eosinophils as being significantly increased (p = 0.0019) in the pruritic cats compared to non-pruritic cats (Supplementary Figure 1). We also identified two monocyte subclusters in the cat: MHCIIHi monocytes and MHCIIDim monocytes (Figure 6B). Both monocyte subsets expressed CD49d and cutaneous lymphocyte-associated antigen (CLA), although the overall expression of both markers was decreased in the MHCIIDim population. There was a unique leukocyte population that clustered near the monocytes, but it was dim for both CD14 and MHCII expression (Lineage- CLA+ Leukocytes); this population was not annotated as a monocyte subset. When total monocytes (MHCIIHi subset combined with MHCIIDim subset) were evaluated, the majority of monocytes were MHCIIHi (Figure 6C).
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FIGURE 6
 Cat scFlow clustering analysis. Whole blood was stained with Live or Dye 510 viability stain and an 11-color immunophenotyping panel. Unique populations were identified through clustering, including subpopulations of CD4+ and CD8+ T-cells and Monocytes (A). Two unique monocyte subsets were identified in the cat by evaluating the mean intensity (mean corrected) of key markers (B) and quantified (C). Violin plots were used to visualize the distribution of data [n = 25 non-pruritic cats (orange); n = 42 pruritic cats (green); within the pruritic cats, cats that had food allergy are colored dark orange and cats with known fleas are colored in blue]. Statistical analysis was performed by unpaired t-test with Welch's correction. Two-tailed p-values are reported.


CD4+ and CD8+ T-cell subsets were further subdivided into CD62LLo vs CD62LHi subsets (Figure 7A). The CD62LHi T-cell subsets had decreased expression of CD49d relative to the CD62LLo subsets (Figure 7B). Overall, there were fewer circulating total CD4+ T-cells in pruritic cats compared to non-pruritic controls (Figure 7C). Within the T-cell populations, there was a significantly decreased fraction of CD62LHi CD4+ T-cells (within the CD4+ T-cell population) and CD62LHi CD8+ T-cells (within the CD8+ T-cell population) in pruritic vs. non-pruritic cats (p = 0.0435 and p = 0.0028, respectively, Figure 7C). Lastly, pruritic cats had an overall significantly decreased (p = 0.0255) CD4+ T-cell:CD8+ T-cell ratio compared to non-pruritic cats (Figure 7C).
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FIGURE 7
 T-cells in cats. T-cell subsets were identified (A). Umaps showing marker expression (B). Quantification of T-cell subsets in cat (C). Violin plots were used to visualize the distribution of data [n = 25 non-pruritic cats (orange); n = 42 pruritic cats (green); within the pruritic cats, cats that had food allergy are colored dark orange and cats with known fleas are colored in blue]. Statistical analysis was performed by unpaired t-test with Welch's correction. Two-tailed p-values are reported: CD4+ T-cells (within WBC) **p = 0.0083; CD4/CD8 ratio *p = 0.0255; CD62LHi (within CD4+ T-cells) *p = 0.0435; CD62LHi (within CD8+ T-cells) **p = 0.0028.


Lastly, a CD21+ CD4+ T-cell population was identified in the CD5+ leukocytes within both dogs and cats. A representative flow cytometry plot showing CD21+ CD4+ CD5+ T-cells is shown in Figure 8A. The fraction of CD21+ cells within CD4+ T-cells was significantly decreased (p = 0.0036) in pruritic dogs vs. non-pruritic dogs (Figure 8B). This population had no difference between pruritic cats vs. non-pruritic cats (Figure 8B). This unique CD4+ T-cell population was rare in cats (Figure 8C) (0.7 and 0.2% of CD4+ T-cells in non-pruritic and pruritic cats respectively, vs. 2.7 and 1.0% of CD4+ T-cells in non-pruritic and pruritic dogs).
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FIGURE 8
 CD21+ CD4+ T-cells in dogs and cats. Plots based on previously gated cells; Cells were first gated to exclude debris and CD44- cells, aggregates, and dead cells. CD5+ cells were then gated, and these CD5+ cells were analyzed for CD4+ or CD8+ expression (A). The % of CD21+ cells within the CD4+ T-cell population were quantified in dogs (B) and cats (C). Violin plots were used to visualize the distribution of data (non-pruritic animals (orange) and pruritic animals (greens). Statistical analysis was performed by unpaired t-test with Welch's correction. Two-tailed p-values are reported: **p = 0.0036.





Discussion

Using a combination of standard hematological parameters and high parameter immunophenotyping panels, we achieved a detailed characterization of circulating immune cell populations in dogs and cats. Our immunophenotyping panels allowed us to identify cell populations analogous to those in humans and mice, and to uncover species-specific subsets. By focusing on pruritis as a clinical presentation, we identified significant differences in immune cell populations between non-pruritic and pruritic animals. While pruritus is a key indicator of allergic and atopic dermatitis, other differential diagnoses must be ruled out. Thus, this study does not claim causation, but rather highlights the need for further rigorous studies to understand the role of altered immune cell proportion in pruritic cats and dogs and their potential impact on dermatological disorders.

Total WBC counts were significantly decreased in pruritic dogs compared to non-pruritic dogs. The statistically significant decrease in WBC in pruritic dogs was due to a slight decrease in the neutrophil count, without impact on the leukocyte differential. However, it should be considered that many different variables such as breed, age, underlying disease pathophysiology, chronicity of disease, comorbidities, and concomitant treatments, were not considered in the study and may have affected CBC. For example, glucocorticoids cause alterations in the leukogram such as an increase in circulating neutrophils and monocytes and a decrease in overall lymphocyte populations (24). Due to the limited number of animals in the study, dogs are of mixed breeds, different ages, may be receiving concomitant treatments and have comorbidities that were not assessed.

Since pruritis is a cardinal sign of canine Atopic Dermatitis (cAD), we used cAD literature to provide context for our findings. Previous reports on the blood lymphocyte population in diagnosed cAD cases have shown an overall decrease in lymphocytes (25, 26). Martins et al. show a specific increase in CD4+ T-cells and a decrease in CD8+ T-cells in dogs diagnosed with atopic dermatitis. This could be due to potential therapeutics either group is receiving or perhaps that changes in these parameters are not strong indicators of atopic dermatitis. In a study that profiled T-cells in dogs treated for adverse food reactions (clinical signs assessed with a pruritis Visual Analog Scale) with food allergen-specific sublingual immunotherapy, treated dogs had a decrease in CD8+ T-cells (27). CD4+ and CD8+ T-cell subsets were either CD62LHi, indicative of either a more naive-like phenotype or a memory phenotype, or CD62LLo, which is more characteristic of effector T-cells (2). CD62L expression has been well-studied in humans and mice, and in the context of this paper we are using humans/mice as models for dogs and cats. In our current study, CD62LHi T-cells within the parent CD8+ T-cell population were significantly increased in pruritic vs. non-pruritic dogs. Naïve, newly activated, and expanded, and central memory T-cells are CD62LHi and circulate between blood, lymph, and secondary lymphoid organs (2). The increase in CD62LHi CD8+ T-cells could imply a clonal expansion of newly activated CD8+ T-cells in pruritic dogs. Further immunophenotyping is required to further subset these T-cells and provide insight into function; CD49d (integrin α4) binds the ligands VCAM-1 and fibronectin and facilitates lymphocyte extravasation (28, 29). In humans and mice, memory T-cells are characterized by elevated expression levels of CD49d, relative to naïve T-cells (30–32). Whether this is true for canine memory T-cells remains to be discovered.

Regulatory T cells (Tregs) are an immunomodulatory T cell subset that has been implicated in human AD (33, 34). However, published studies assessing circulating Tregs in dogs diagnosed with cAD have not shown consistent differences in this cell population. One study found that circulating Tregs (identified as CD4+CD25+FoxP3+) were significantly increased in dogs diagnosed with cAD compared to healthy controls (35), while one other study showed elevated (not significant). Tregs and a third study showed no difference in Tregs, between untreated cAD dogs and non-pruritic healthy controls (36, 37). This may be due to differences in reporting of Treg percentages (as percent of total peripheral blood leukocytes, or within CD4+, or within CD4+CD25+ cells), or differences in age or disease severity in the analyzed cohorts. A shortcoming of our current study is that it only analyzed surface markers and did not include intracellular staining. Since newly activated effector T cells also express CD25, we cannot differentiate Tregs from newly activated effector T cells in our dataset. We did not observe a statistically significant increase in CD25+ cells within the circulating CD4+ population.

Due to limited fluorophore availability, an anti-canine TCRγδ was not included in the immunophenotyping panel. Future improvements should incorporate a marker for γδ T-cells. Psoriasis and atopic dermatitis in humans, conditions characterized by severe itching, have been linked to IL-17/IL-22 producing γδ T-cells (38, 39). Additionally, a recent study by Sparling et al. used single-cell transcriptomics to identify differences between healthy control and AD skin in canines, revealing an enrichment of γδ T-cells in AD skin (40).

The hematological profile of pruritic cats was different than what was observed in pruritic dogs. Pruritic cats had leukocytosis compared to non-pruritic cats. Both CBC and flow cytometry demonstrated that eosinophils were significantly increased in pruritic vs. non-pruritic cats. Whether eosinophils play a significant role in initiating or perpetuating itch in cats remains to be seen. In a study of clinical human AD (Atopic Dermatitis) patients, eosinophil count correlated with the frequency of circulating TSLPR+ CD4+ T-cells (41).

Despite only a relative variation (decrease) of lymphocytes in the CBC, immunophenotyping revealed a shift in T-cell populations. CD62LLo T-cells, which are activated or effector memory T-cells (2), showed a significant decrease in CD62LHi CD4+ T-cells and CD8+ T-cells (within their respective populations) in the pruritic cats compared to non-pruritic cats. This suggests a shift toward activated T-cells and/or effector memory T-cells, which can access non-lymphoid tissues such as the skin. Previous histopathological examination of lesional and non-lesional skin from cats with allergic dermatitis, as well as skin from non-pruritic controls, revealed an immune cell infiltration of CD4+ and CD8+ T-cells in the skin. Additionally, there were significantly more IL-4+ T-cells, in cats with allergic dermatitis compared to non-pruritic control cats (42, 43). In atopy patch testing (APT) of cats with spontaneously occurring atopic dermatitis, an increase of IL-4+ T-cells infiltrating into the APT biopsy site was also observed (42). It would be interesting to characterize CD62L expression levels on these IL-4+ T-cells.

Unsupervised clustering identified a unique CD21+ CD4+ T-cell population within the CD5+ leukocytes for both dogs and cats, which was verified by manual gating. CD21, also known as complement receptor 2, is typically expressed on B-cells and follicular dendritic cells (44, 45). Epstein Barr Virus (EBV), a human pathogen, uses CD21 as a receptor to infect B-cells (46). Although serological evidence indicates exposure to EBV or an EBV-like virus in dogs and cats via detection of antibodies to EBV antigens in serum, no infectious virus has been detected (47, 48). CD21+ CD4+ T-cells were rare, comprising only ~1% of CD4+ T-cells. We speculate that the expression of complement receptor 2 (CD21) on T-cells may provide an additional mechanism for T-cells to regulate complement activation. Recently, Riondato et al. identified CD5+ CD21+ dim lymphocytes in canine lymph nodes (49). Alternatively, these T-cells might have bound soluble CD21 or be in the process of shedding soluble CD21. In 1998, it was reported that human B and T-lymphocytes spontaneously released soluble CD21 (50).

Monocyte subsets in both the cat and dog were identified by unsupervised clustering. These subsets were driven by differences in CD49d, MHCII, CLA, and CD14 expression. In humans and many other well-studied species, multiple subsets of monocytes exist and are differentiated by specific markers and functions, for example CD14 and CD16 (humans) and Ly6C (mice) (51). Feline monocytes are poorly characterized phenotypically and to date very few transcriptomic studies have been published (52–54). Two feline monocyte subsets were found by unsupervised clustering and verified by manual gating: MHCIIHi monocytes and MHCIIDim monocytes. Pruritic cats had a significant decrease in the fraction of monocytes relative to non-pruritic cats, and this was driven by a decrease in MHCIIHI monocytes. One hypothesis is that the increased expression of integrins CLA and CD49d on these monocytes might drive their migration into tissues, thus leaving less circulating in the blood. Other cell types increased in feline skin lesions are MHCII class II+ epidermal dendritic cells, CD1a+ Langerhans cells, macrophages, and dermal mast cells (55, 56). Whether these macrophages and/or dendritic cells come from monocyte precursors circulating in the blood is unknown. More work needs to be done to functionally characterize these monocyte subsets, and it will be critical to assess the expression level of these integrins using quantitative methods.

There is no consensus on canine monocyte subsets, although attempts have been made to characterize them using different antibody panels consisting of unique combinations of CD11b, MHCII, CD14 and CD4 (57, 58). In dogs, we used CD11b, CLA and CD4 to further delineate three monocyte subsets: CD4+ monocytes, CD14Dim monocytes, and classical monocytes. Internal single cell RNAseq data on canine PBMCs has verified these three monocyte subsets (data not shown) and another recent scRNA seq study corroborated our findings (59). CD4, normally associated with identifying CD4+ T-cells, is also a marker of canine myeloid cells, including all neutrophils and a subset of monocytes and dendritic cells (60). The function of CD4 in these myeloid subsets is unknown (58, 61, 62). CD4+ monocytes are not unique to dogs; they are also detected in certain myeloid subsets in humans and rat (63–66). Recent work has shown that ligation of CD4 on human monocytes triggers macrophage differentiation (66). Whether this is true in canine is yet to be discovered.

While the fraction of total monocytes in the dogs did not differ between non-pruritic or pruritic states, pruritic dogs did have a significant increase in CD4+ monocytes within the parent monocyte population. Although CD4+ monocytes have decreased expression of CD49d and MHCII relative to the other monocyte subsets, they do express other integrins important for rolling adhesion, migration, and signaling (such as CD11b, CLA and CD62L). In a separate internal study, circulating CD4+ monocytes also increased in dogs that were undergoing acute gastrointestinal distress (pancreatitis or colitis) at the time of blood draw (data not shown). This subset of monocytes may be reflective of increased inflammation. Their journey from the bone marrow, release into the blood, trafficking into inflamed tissues, and their contribution to disease remains to be studied. Myeloid-derived suppressor cells (MDSCs) have been identified in dogs and are usually identified by their lack of MHCII expression (9, 67, 68). Thus, a small fraction of these CD4+ monocytes may be MDSCs (59). MDSCs are elevated in many acute and chronic inflammatory states, including psoriasis and cancer (69, 70). To truly identify an MDSC, a functional assessment of their ability to suppress proliferation and IFN-γ production in T-cells would have to be carried out.

Overall, our study demonstrates the value of developing well-validated high parameter veterinary immunophenotyping panels. The combination of spectral flow cytometry and an AI-driven clustering data analysis algorithms allow for higher-resolution data collection to better capture and characterize the complexity of circulating immune cell populations and their activation states. Herein, we have identified novel populations of immune cells and demonstrated their altered proportions in pruritic cats and dogs, warranting further studies to understand their role in dermatological disorders. Such hypothesis generating data sets will contribute to the identification of biomarkers, therapeutic targets, and improved understanding of immune cell subsets present in veterinary species and is on par with similar efforts in human medicine.
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SUPPLEMENTALRY FIGURE 1 | scFlow corroborates CBC data for eosinophils. Violin plots were used to visualize the distribution of data (n = 25 non-pruritic cats (orange); n = 42 pruritic cats (green); within the pruritic cats, cats that had food allergy are colored dark orange and cats with known fleas are colored in blue). Statistical analysis was performed by unpaired t test with Welch's correction. Two-tailed p-values are reported: ***p = 0.0005; **p = 0.0019.

SUPPLEMENTARY FIGURE 2 | Canine gating strategy to gate out debris and CD44- cells, aggregates, and dead cells (A). Dot plots of SSC-A vs each marker in the panel (B). Example of NxN matrix use to evaluate unmixing (C). Dot plots of SSC-A vs rare or dim markers in the panel, overlaid with FMO controls to show true positive events (D).

SUPPLEMENTARY FIGURE 3 | Canine samples were batched based on an individual basis (A). After batch correction and clustering, no batch effects were observed based on source of dogs (B) or based on condition (C).

SUPPLEMENTARY FIGURE 4 | Feline gating strategy to gate out debris and CD44- cells, aggregates, and dead cells (A). Dot plots of SSC-A vs each marker in the panel (B). Example of NxN matrix use to evaluate unmixing (C). Dot plots of SSC-A vs rare or dim markers in the panel, overlaid with FMO controls to show true positive events (D).

SUPPLEMENTAL FIGURE 5 | Feline samples were batched based on an individual basis (A). After batch correction and clustering, no batch effects were observed based on condition (C).
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Supplementary material
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Neutrophil CADO48A AF488 Kingfisher WS0811D-100 N/A
CD21 CA2.1D6 NovaBlue610-70S BioRad MCA1781R N/A
CD14 MS5E2 BB700 BD Biosciences 745790 (14)
CDsa YCATES5.9 PerCP-eFluor710 Invitrogen 46-5080-42 N/A
CD25 P4A10 PE BioRad MCAS5916PE N/A
CD5 YKIX322.3 AF594 BioRad MCA1037GA N/A
CD4 296712 AF700 Novus Biologicals FAB2410N-100UG N/A

Viability Zombie NIR BioLegend 423105 N/A






OPS/images/fvets-11-1498964-g007.gif
a# b

i i

i .m mﬂwmﬂﬁﬂ@






OPS/images/fvets-11-1498964-g008.gif





OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

High-parameter
immunophenotyping reveals
distinct immune cell profiles in
pruritic dogs and cats





OPS/images/fvets-11-1498964-g001.gif





OPS/images/fvets-11-1498964-g002.gif





