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The identification of cross-reactive monoclonal antibodies (mAbs) that recognize orthologous leukocyte differentiation molecules (LDM) in buffaloes has overcome a major impediment limiting research on the immune response to pathogens and development of vaccines. As reported, two pilot trials were conducted to accomplish two objectives: (1) demonstrate that multiparameter flow cytometry can be conducted equally well in buffalo with mAbs directly and indirectly labeled with fluorochromes in research and (2) flow cytometry can be used to compare and extend studies on diseases of economic importance to buffalo using bovine viral diarrhea virus (BVDV) as a model pathogen. Pregnant buffalo cows were infected with BVDV-1 at 81 (trial 1) and 203 (trial 2) days post artificial insemination and flow cytometric evaluations were performed at 0, 3, 4, and 14 days after infection (dpi). Fluorochrome conjugated mAbs were used in trial 1, and fluorochrome conjugated goat isotype specific anti-mouse antibodies were used to label mAbs in trial 2. Flow cytometric analysis revealed a transient lymphopenia occurs during the 1st days following infection similar to lymphopenia reported in cattle. In particular, significant differences were observed between pre- and post-infection absolute values of T lymphocytes (−56%, P < 0.01). CD21+ B lymphocytes (−65%, P = 0.04), and Natural Killer cells (−72%, P < 0.001). No significant differences were observed in monocytes and neutrophil absolute values, or the CD4:CD8 ratio. Animal health status was followed until 15 days after calving. No clinical signs of infection were observed during the evaluation period, however, animals in trial 1 developed complications later the infection. One cow aborted at 57 days post-infection, the second cow developed a prolapse a day after calving and died. These two animals also showed a more pronounced lymphopenia in comparison with animals infected at 203 days of pregnancy (e.g., −77 vs. −22% T lymphocytes at 3 dpi, respectively). The pilot studies have demonstrated that it is possible to use multicolour multiparameter flow cytometry to study the immune response to pathogens affecting the health of buffalo.
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INTRODUCTION

Flow cytometry (FCM) is an important and versatile technology: flexibility, accuracy and multiparametric analysis are some of its characteristics. It has proven useful in research in microbiology, oncology, immunology, hematology, and nanotechnology. Flow cytometry was introduced into veterinary sciences in the 80's concurrent with pioneering studies to develop monoclonal antibodies (mAbs) against leukocyte differentiation molecules (LDM) in cattle and other livestock species (1–3). During this same timeframe studies were initiated to make use of the first characterized mAbs to determine the frequency of leukocyte subsets in blood and milk (4, 5). Studies were also initiated to determine if flow cytometry could be used to study sequential changes in the frequency of leukocyte subsets associated with pathogenesis of livestock pathogens starting with a persistent pathogen, BVDV in cattle (6). Excluding cattle, the use of flow cytometry in studies with other veterinary species has been constrained, attributed to the limited availability and cost of developing mAb reagents for research (7). This has included research with water buffalo. Although buffaloes are an important livestock species, to date, no resources have been available to develop mAbs against buffalo leukocyte differentiation molecules (LDM) for use in the study of the immunopathogenesis of pathogens and development of vaccines. Fortunately, it has been possible to take advantage of the phylogenetic relation of buffalo with cattle to circumvent this constraint. The antigenic composition of many of the molecules expressed on leukocytes have been conserved. Screening of mAbs developed against LDM in cattle, sheep, and goat revealed a large set of the mAbs recognize epitopes conserved on orthologous LDM in buffalo (8–11). The set of cross-reactive mAbs now make it possible to conduct studies on the immune response to pathogens equivalent to ongoing studies in cattle. The present study was undertaken to introduce the use of the mAbs in flow cytometry to conduct studies on the immunopathogenesis of pathogens in buffalo, using BVDV as a model of a pathogen with respect to which further research is needed to fully understand the mechanisms of pathogenesis. BVDV is a member of the Flaviviridae family, genus Pestivirus (12). The International Committee on Taxonomy of Viruses (ICTV) recognizes two established species namely bovine viral diarrhea virus type 1 (BVDV-1) and type 2 (BVDV-2), and a third putative bovine species, referred to as HoBi-like pestivirus (13). This is one of the groups of viral pathogens affecting livestock. Studies in cattle have revealed exposure usually leads to development of mild disease characterized by pyrexia, anorexia, leukopenia, and mild diarrhea. However, infection can also lead to development of mucosal disease and reproductive problems (abortion, teratogenesis, embryo resorption, fetal mummification, and stillbirth). Cows infected before 150 days of gestation can give birth to calves persistently infected with BVDV (12). The mechanism of bypassing the adaptive immune system by establishing tolerance permits the virus to be extremely successful by used an evasion strategy that still remains to be fully determined. A main problem with BVDV is that infection leads to development of an immune response that controls but does not clear infection. In spite of the presence of antibody and cell mediated immunity, the virus continues to persist and replicate in infected animals and is released into the environment. Infected cows and calves serve as reservoirs contaminating the environment. Most of the reported BVDV infections refer to infections in the Bovidae family. Only a few of them refer to infection in buffaloes, and most of these have been reports on seroprevalence (14–16). The presence of the BVDV-1 RNA has been demonstrated in fetal serum in buffaloes with mucosal disease in Australia (17) and Argentina (18). In Italy, viruses of sub-genotype BVDV-1a (19) and BVDV-1b (20) have been isolated from aborted fetuses. Important to expanding opportunities to conduct research in buffalo, information was obtained in the present study showing flow cytometry can be used with mAbs directly and indirectly labeled with fluorochromes. In addition data were obtained showing infection with BVDV leads to transient leukopenia similar to infection in cattle and fetal development. The availability of the large set of cross-reactivity mAbs now affords opportunity to expand research on the immune response to pathogens and vaccine development in buffalo.



MATERIALS AND METHODS


Animals and Experimental Design

The experimental protocol for the study was authorized by the Ministry of Health (authorization n. 503/2017-PR) on the basis of Legislative Decree 26/03/14 on the protection of animals used for scientific purpose. The authorization limited the study to use of four healthy Mediterranean buffalo cows (6 years of age), negative for BVDV antibodies and antigens. Two cows were infected at 81 days (trial 1), the second two cows were infected at 203 days (trial 2) after artificial insemination. The pregnancy status was determined by clinical examination. During the infection trials, the animal health status was observed daily for a month after infection and then every 3 days until 15 days after calving.



Virus

A non-cytopathic (ncp) field strain of BVDV-1 was used for experimental infection. Virus used in the study were prepared from the second passage in bovine kidney cells (MDBK). All animals were infected with a field type of BVDV-1. The virus was given by intranasal route at a dose of 2.5 mL × 105.00 TCID50/mL for each animal.



Sample Collection

Peripheral blood was collected from jugular vein into vacutainer tubes containing K3-EDTA, Li-Heparin and anticoagulant-free tubes were used for hematological, flow cytometric and serological analyses, respectively (Becton Dickinson, Plymouth, UK). Samples were collected at: 0, 3, 4, 6, 8, 10, 14, 17, 20, and 27 days post-infection (dpi). Nasal and vaginal swabs were taken at after day 10 dpi. Blood and ear notch samples were collected from calves immediately after birth and tested for presence of BVDV antigen and antibody.



Hematological, Serological, and Molecular Analyses

Total and differential leukocyte counts were performed with a Cell Dyn 3700 (Abbott, Abbott Park, IL, USA) according to standard operation procedures. All serum samples were tested for BVDV antibodies and antigen by the commercial ELISAs ID Screen® BVD p80 Antibody Competition (IDvet, Grabels, France) and Bovine Viral Diarrhea Virus BVDV antigen test kit/serum plus (IDEXX, Westbrook, ME, USA), following the manufacturer's instructions. EDTA blood samples, nasal and vaginal swabs and ear notch samples were used for molecular analysis. Total RNA was extracted using the QIAampViral RNA mini Kit (Thermo Fisher Scientific, Waltham, MA, USA) as instructed by the manufacturer. The tests performed were an end point PCR that amplifies the 5'-UTR region using the pair of 324/326 primers amplifying a fragment of 288 bp (21) and the real-time RT-PCR described in the OIE Manual (22).



Flow Cytometry: Monoclonal Antibodies and Labeling of Cells

The mAbs used in the present study are listed in Table 1. In a pre-trial study, we assessed the cell viability by LIVE/DEAD Fixable Near-IR stain kit (Thermo Fisher Scientific, Waltham, MA, USA). Since the viable cells were always higher than 95%, live/dead staining was omitted in trials 1 and 2. In the same study we compared the labeling efficiency of anti-human and anti-bovine mAbs cross-reactive with buffalo river type LMD orthologs (9, 10) including anti-bovine CD4 clone CC8 cross-reactive with buffalo swamp type (23). Flow cytometric analyses were performed: in the first trial at 0, 3, 4, and 14 dpi in the second trial at 0, 3, 4, 6, 8, 10, 14, and 17 dpi. In trial 1 we used a direct labeling method with purified mAbs labeled in house: clone IL-A11a using Zenon™ R-Phycoerythrin Mouse (Thermo Fisher Scientific, Waltham, MA, USA), MM1a and GB21a clones using Lightning-Link® APC (Allophycocyanin) and PE-Cy7 Conjugation Kit (Abcam, Cambridge, UK) respectively, following the manufacturer's instructions.


Table 1. Multicolor flow cytometric combinations used in this study.
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Fifty microliters of whole heparinized blood sample were incubated with saturating concentrations of mAbs in a final volume of 100 μL with phosphate buffered saline (PBS, pH 7.2) for 15 min at 4°C in the dark. Following incubation, erythrocytes were lysed with 1.0 mL of Tris-buffered ammonium chloride solution (0.87% w/v, pH 7.3) for 10 min, then mixed with 2 mL of cold PBS and then centrifuged at 300 g for 5 min. Pellets of labeled cells were resuspended in 150 μL of cold PBS for flow cytometric analysis. In trial 2 we used mAbs indirectly labeled with fluorochrome conjugated goat isotype specific anti-mouse antibodies. In brief, 2.0 mL of anticoagulated whole blood was added to a 50 mL polypropylene tube and lysed with 20.0 mL of the same ammonium chloride solution. The cells were sedimented by centrifugation and then resuspended in 25 mL of cold PBS. 5 × 105 cells were incubated with 300 ng of each mAb in a final volume of 100 μL of PBS for 15 min at 4°C in the dark. Cells were washed (300 g for 5 min) then incubated under the same conditions using goat anti-mouse isotype specific secondary antibodies at optimal dilutions. Following incubation for 15 min, the cells were washed in PBS. The cells were resuspended in 150 μL for flow cytometric analysis. Fluorescence Minus One (FMO) controls were used to the correct quadrant positions for CD8, CD14, CD21, CD25, and CD209 molecules. A CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) was used to collect at least 5 × 104 leukocytes. Data were analyzed using Kaluza software v. 2.1 (Beckman Coulter, Brea, CA, USA). For each lymphocyte subset, we applied the specific gating strategy (Figure 1), calculating the percentage of the subsets on total lymphocytes obtained in the forward scatter (FSC) vs. side scatter (SSC) dot plot. The relative percentages were then used to estimate the absolute value of the subset using the absolute values produced by Cell Dyn.


[image: Figure 1]
FIGURE 1. Flow cytometric gating strategy used in this study. The gating strategy (A–H) used to identify the lymphocyte subsets in Trial 1 was: (A) time parameter vs. SSC or FL to exclude event burst, (B) FSC-H vs. FSC-A to exclude doublets, (C) FSC vs. SSC to exclude debris, damaged and/or dead cells, then identify total leukocytes and PBMC, (D) CD14 vs. WC1 to identify total T lymphocytes and the WC1 subset. To characterize the other T lymphocyte subsets we used CD4 vs. CD8 for both WC1−CD3+ (F) and WC1+CD3+ (G) T cells. In buffalo the CD8 antigen is expressed by most γδ T lymphocytes (10), then we calculated the absolute value of CD3+CD8+ (Table 3 and Supplementary Table 1) as the total of upper left quadrant events in (F,G) dot plots. All lymphocytes CD3− (bottom left in the dot plot E) were used to identify CD21+ B lymphocytes (top left) and NK cells (CD335+ bottom right) in the (H) dot plot. The gating strategy (I–O) used in Trail 2 had in common the first three gates (not shown) of Trail 1 (A–C). For Panel 1, a CD3 vs. δ chain CD4 or CD8 dot plots were used to identify T lymphocyte subsets (not shown). In the Panel 2 and 3 we used a CD3 vs. SSC dot plot to identify all CD3 positive lymphocytes while CD3 vs. CD4 or CD8 dot plots to identify CD4 or CD8 T subsets, respectively (not shown). In the dot plot CD25 vs. CD4 (I) or CD8 (J), the CD3+ gate was used to evaluate the percentage of CD4 or CD8 expressing CD25. In Panel 4, the δ chain vs CD335 dot plot was used to identify γδ T lymphocytes and NK cells (not shown) and then differentiated in the CD25 vs. CD8 dot plot for the co-expression of the two antigens (K,L, respectively). In Panel 5, the PBMC gate was used to identify CD21+ B lymphocytes and CD14+ monocytes (M), which were subsequently characterized by co-expression of CD25 and CD209 antigens (N,O, respectively). Finally back gating on dot plot FSC vs. SSC confirmed the validity of the gating strategy (P). For a better separation of cell clusters, we used the most appropriate combinations of fluorescent parameters (Hight-H and Area-A). For a better visualization we show the results as density dot plot (A,K–O), contour plots (B–J), and color dot plot (P) with a blue (CD14+ monocytes) and red (CD21+ B lymphocytes) color coding.




Statistical Analyses

For each hematological and cytometric variable, variation time dependent was investigated by fitting the following mixed linear model with the MIXED procedure of SAS/STAT 9.2 (SAS Institute Inc., Cary, NC, USA) (24):
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where y = hematological or cytometric parameters; μ =overall mean; TRIAL = fixed effect of the infection (two classes: 1, 2); DPI = fixed effect of the days post infection (10 classes: 0, 3, 4, 6, 8, 10, 14, 17, 20, and 27 for hematological and four classes: 0, 3, 4, and 14 for cytometric parameters respectively); c = random effects of individual buffalo cow; e = random residual.




RESULTS


Clinical Observations

The experimentally infected animals showed no change in rectal temperature, signs or clinical symptoms. Later, however, trial 1 animals presented severe clinical complications: Buffalo-1 aborted 57 days after infection (138 days of gestation), while Buffalo-2 presented prolapse the day after calving and died.



Serological and Molecular Results

All animals showed seroconversion, between 14 and 27 dpi, and all calves born from these buffaloes had BVDV antibodies and were negative for viral antigen, except the calf born from Buffalo-2 (trial 1) which was negative for both. Except for a trial 2 animal, PCR was positive at 3, 6 (nasal and vaginal swabs), and 8 dpi (nasal swap), blood samples, nasal, and vaginal swabs from other animals were negative for viral RNA.



Hematological Analyses

As summarized in Table 2 and in Supplementary Figure 1, the experimental infection caused marked leukopenia due to a statistically significant lymphopenia. All animals showed the same trend: a rapid diminution in lymphocytes first evident at 3 dpi, with low values up to 8 dpi, then an increase at 10 dpi. A subsequent decrease occurred from 14 to 27 dpi, although the differences were not statistically significant. The other leukocyte subpopulations did not show significant changes or evident trends post-infection due to a marked variability between animals. In trial 1, the infection effects were more evident. Lymphopenia reached higher levels (−66 vs. −50%) than trial 2 (Supplementary Table 1), and the increase shown at 10 dpi respect to 0 dpi was more pronounced in the second than first infection trial (+78 vs. −1%).


Table 2. Comparison of total and differential leukocyte absolute counts (109 cells/L) of infected buffaloes.
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Antibody Labeling Evaluation by Flow Cytometry

All monoclonal antibodies used in trials 1 and 2 (Table 1) showed comparable labeling efficiency evaluated by percentage of positive cells. Unexpectedly the CC8 clone anti-bovine CD4 was negative, although it had been reported as positive swamp water buffaloes (23).



Flow Cytometric Evaluation of Lymphocyte Subset Alterations

Statistical assessments were done using time points 0, 3, 4, 14 dpi common to both trials. The absolute values and percentage of differences between pre- and post-infection values are summarized in Table 3 and supplementary Table 1. Since the pre-infection absolute values of lymphocyte subsets, excluding B cells, obtained by direct (trial 1) or indirect labeling (trial 2) methods were similar, we considered the two flow cytometric approaches comparable. On average, the two infections produced severe lymphopenia due to the general decrease of all lymphocyte subsets (Table 3). T lymphocytes (CD3+) decreased significantly by 3 and 4 dpi (P < 0.01) with a maximum decrease of −55.8%. At 14 dpi, the absolute values were not statistically different from 0 dpi. CD4+ and CD8+ T cells had a similar dynamic: they decreased by 53.4% (P = 0.02) and 56.7% (P = 0.02), respectively, and both reached the minimum at 4 dpi. At 14 days while CD4+ T lymphocytes had the same values as the pre-infection, CD8+ T lymphocytes were still −13.6% compared to 0 dpi. The average CD4:CD8 ratio did not change significantly. Statistically significant differences were observed in other cell subsets, CD21+ B lymphocytes (P = 0.04) and NK cells (CD335+) (P < 0.001). Maximum average decrease (−71.5%) was shown by NK cells at 4 dpi. The absolute number of lymphocyte subsets indicated clearly that the lymphopenia caused by the infection was more pronounced when the animals were infected at 81 days post insemination compared to 203 days of gestation. At 3 dpi, the total CD3+, CD4+, and CD8+ lymphocytes decreased by 77.1, 83.8, and 65.4% in trial 1 compared to −22.2, −21.9, and −41.5% in trial 2, respectively. In addition, at 14 dpi, trial 1 animals did not return to their pre-infection values (−30.7, −21.7, and −38.5%) while in trial 2 animals increased by +13.5, +20.4, and +5.8%. The CD4:CD8 ratio showed a clear divergence between the two groups. While in trial 1 the effect of the infection was evident in reduction in the ratio from 1.9 at 0 dpi to 0.9 at 3 dpi (−52.6%), a positive increase to 35.7% was observed in trial 2 (Table 3). CD209 expression (trial 2) was always negative on CD21+ B lymphocytes, whereas CD14+ monocytes showed an evident increase from 8 to 17 dpi compared to baseline. At the same time point, we identified a small cellular subset with a phenotype CD21−CD14−CD209+ (Supplementary Figure 2).


Table 3. Comparison of absolute counts of lymphocyte subsets evaluated by flow cytometry (109 cells/L).
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Flow Cytometric Evaluation of Cell Activation Status

In trial 2 we evaluated the cell activation status by CD25 and ACT16 antigen expressions. CD25 (IL-2 receptor) was expressed on 79% of γδ, 38% of CD4+, and 35% of CD8+ T lymphocytes, 23% of CD14+ monocytes, 8% of CD21+ B lymphocytes, and 7% of NK cells. The only difference noted in expression after infection was on all T lymphocytes (CD3+) 8 dpi (+33%). ACT16, a molecule upregulated on in vitro activated CD4+ and CD8+ T lymphocytes (10), was never expressed in this pilot trial.




DISCUSSION

Flow cytometry is being used extensively in the study of the immune response to pathogens in humans and some economically important livestock species. A few mAbs specific for bovine LDM, however, are available conjugated to fluorochromes and was therefore useful to identify some cross-reactive anti-human mAbs. Although considerable progress has been made in identifying mAbs for use in buffalo, there is still a need to expand the mAb reagents for use in this species. In the present study we tested the CC8 anti-bovine CD4 mAb that, although cross-reactive with swamp buffalo (23), was negative with river-type buffalo. In cattle we noted that missense mutations Q306H and K310N in exon 5 of CD4 gene prevented the binding of the CC8 mAb (25). In an in silico study (unpublished), we verified that the genomic sequences of the river-type buffalo the L-glutamine 306 is conserved, but two Lysines (308 and 310) are changed to Asparagine and Serine, respectively. Although swamp-type buffalo exon 5 sequences are not published, this labeling difference could be an indirect confirmation that the same mutations in river buffalo account for loss of the epitope identified by CC8. In buffalo, moreover, flow cytometric methods are still under development. One of the current issues has been whether there is any difference in the use of mAbs directly or indirectly labeled with fluorochromes. Most of the mAbs for research in livestock are only available unconjugated with fluorochromes. For profit companies have developed three methods for labeling mAbs with fluorochromes: (1) goat fluorochrome polyclonal and isotype specific anti-mouse antibodies for use in indirectly labeling mAbs; (2) Zenon fluorochrome conjugated isotype specific Fab for binding to mAbs immediately for use in multicolor flow cytometry; (3) kits for in house directly conjugating mAbs with fluorochromes. Directly fluorochrome conjugated anti-human and anti-bovine LDMs, with potential cross-reactivity with buffalo and mAbs directly conjugated with fluorochromes with commercial kits were used to compare use in multicolor flow cytometry. No difference was observed in the methods for multicolor flow cytometry. Indirect labeling can be used with many of the initial multicolor flow cytometric studies in buffalo minimizing the cost of reagents. Zenon second step reagents can be used where there is a need to compare labeling with mAbs of the same isotype. The kit prices are still high and add considerably to the cost multicolor flow cytometry. Where essential, kits are available for directly conjugating mAbs.

A second issue for introducing flow cytometry to the study of the immune response to pathogens in buffalo has been when and how to initiate investigations. Initial comparative studies of the buffalo immune system with cattle have shown there are similarities and differences that need to be taken into consideration when studying the immune response to common pathogens (10). We selected BVDV as a model pathogen to initiate use of flow cytometry in the study of infectious diseases in buffalo because of ongoing interest in the pathogenesis BVDV in cattle (6) and evidence that it is an important pathogen for buffalo also. We used the study to compare direct and indirect labeling techniques and gain comparative information on the effect of infection on the composition of leukocyte subsets in blood during the 1st days of infection. The simultaneous use of FCM and routine hematological analysis revealed a similar modulation of the lymphocyte frequency caused by infection with ncp BVDV-1 as in other species (6, 26). We observed a significant reduction of leukocytes, by 4 dpi, and of total lymphocytes from 3 dpi to 8 dpi; no significant variations were observed in other leukocyte subpopulations (Table 2). The results were similar to results reported in bovine and alpaca species (6, 26) with a significant reduction of all CD3+, CD4+, and CD8+ T lymphocytes, CD21+ B lymphocytes and NK cells at 3 and 4 dpi. No variation was observed in CD4:CD8 ratio. Our results are in accordance with Ellis et al. (6) that showed a significant decrease of WBC and lymphocytes (CD2+, CD4+, and CD8+) in bovine peripheral blood at 3, 5, and 7 dpi with ncp BVDV. They also observed no significant variations in the CD4:CD8 ratio, which can be explained by an equal reduction in both subsets. Similarly, Gånheim et al. (29) reported that the total leukocytes, neutrophils and lymphocytes decreased significantly from day 3 from inoculation of bovine calves with BVD virus and then increased at the 9 dpi. Reduction in the frequency of CD8+ and WC1+ cells was observed on days 8, 11.5, and 15.5 of the study and 11.5, 15.5, and 22.5 respectively, compared to day 2.5 of the study. No differences were observed in the numbers of B lymphocytes.

CD25, a subunit of the IL-2 receptor (IL-2R), is expressed on activated cells including T lymphocytes, B lymphocytes, and monocytes. In trial 2 the percentage of cells CD3+/CD25+ showed an increase (+33%) at 8 dpi (data not shown). A significant increase in activated lymphocytes has been reported in alpacas experimentally infected at 9 dpi (26). These observations might suggest that buffaloes and alpacas, two species thought to be more resistant to BVDV, could have a stronger lymphocyte activation than in cattle (27). Comparative studies can now be conducted to confirm and extend studies to elucidate differences in the immune response to BVDV.

Brock and coworkers (28) reported that the outcome of fetal infection was dependent on the stage of gestation. In our study, although all animals did not show clear clinical signs and symptoms (e.g., diarrhea, respiratory problems, and fever), trial 1 animals incurred severe clinical complications. Buffalo-1 aborted 57 days after the infection (138 days of gestation); unfortunately, it was not possible to perform necropsy on the aborted fetus. We could not conclude that the abortion was due to the infection. Buffalo-2 died of a postpartum prolapse and her calf died 10 days after calving. Fetal death and abortion occur during BVDV infection in cattle (29) and buffalo (20). The prolapse could be the result of increased susceptibility to bacterial infections associated with BVDV infection (30). In trial 1, our results showed a more pronounced and prolonged leuko- and lymphopenic post-infection effect that might account for the observed effects (Table 2). However, more extensive studies are needed to follow up this possibility.

In conclusion, this preliminary study shows that the availability of an extensive set of mAbs in buffalo has increased opportunities to conduct studies on the immune response to pathogens and development of vaccines. Moreover, since in buffalo many pathological conditions such as BVD, are asymptomatic, the flow cytometric approach may be helpful in the diagnosis and/or prognosis of some conditions.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by Ministry of Health (authorization n. 503/2017-PR).



AUTHOR CONTRIBUTIONS

ED: conceptualization. FG, AM, SP, FF, GD, and ED: methodology. FG, AM, SP, RS, AD, CC, MS, CG, and DV: sample collection and analysis. FG and WD: original draft preparation. AM, MS, GD, ED, FG, and WD: review and editing. All authors have read and agreed to the published version of the manuscript.



FUNDING

This work was supported by funding from the Italian Ministry of Health for IZSME 09/13 RC Bovine Virus Diarrhea Virus: study of the dynamics of infection in buffalo (Bubalus bubalis) by experimental reproduction of the disease.



ACKNOWLEDGMENTS

The authors would like to thank Dott. Gian Mario De Mia (Centro di Referenza Nazionale per lo Studio delle malattie da Pestivirus e Asfivirus, CEREP-IZSUM) for advice in writing the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2020.574434/full#supplementary-material



REFERENCES

 1. Davis WC, McGuire TC, Perryman LE. Biomedical and biological applications of monoclonal antibody technology in developing countries. Period Biol. (1983) 85:259–81.

 2. Davis WC, Marusic S, Lewin HA, Splitter GA, Perryman LE, McGuire TC, et al. The development and analysis of species specific and cross reactive monoclonal antibodies to leukocyte differentiation antigens and antigens of the major histocompatibility complex for use in the study of the immune system in cattle and other species. Vet Immunol Immunopathol. (1987) 15:337–76. doi: 10.1016/0165-2427(87)90005-5

 3. Howard CJ, Morrison WI, Bensaid A, Davis W, Eskra L, Gerdes J, et al. Summary of workshop findings for leukocyte antigens of cattle. Vet Immunol Immunopathol. (1991) 27:21–7. doi: 10.1016/0165-2427(91)90072-K

 4. Lewin HA, Davis WC, Bernoco D. Monoclonal antibodies that distinguish bovine T and B lymphocytes. Vet Immunol Immunopathol. (1985) 9:87–102. doi: 10.1016/0165-2427(85)90132-1

 5. Hageltorn M, Saad MA. Flow cytofluorometric characterization of bovine blood and milk leukocytes. Am J Vet Res. (1986) 47:2012–6. 

 6. Ellis JA, Davis WC, Belden EL, Pratt DL. Flow cytofluorimetric analysis of lymphocyte subset alterations in cattle infected with bovine viral diarrhea virus. Vet Pathol. (1988) 25:231–6. doi: 10.1177/030098588802500308

 7. Tarrant JM. The role of flow cytometry in companion animal diagnostic medicine. Vet J. (2005) 170:278–88. doi: 10.1016/j.tvjl.2004.06.010

 8. Davis WC, Khalid AM, Hamilton MJ, Ahn JS, Park YH, Cantor GH. The use of cross-reactive monoclonal antibodies to characterize the immune system of the water buffalo (Bubalus bubalis). J Vet Sci. (2001) 2:103–9. doi: 10.4142/jvs.2001.2.2.103

 9. De Matteis G, Grandoni F, Scatà MC, Catizone A, Reale A, Crisà A, et al. Evaluation of leptin receptor expression on buffalo leukocytes. Vet Immunol Immunopathol. (2016) 177:16–23. doi: 10.1016/j.vetimm.2016.05.009

 10. Grandoni F, Elnaggar MM, Abdellrazeq GS, Signorelli F, Fry LM, Marchitelli C, et al. Characterization of leukocyte subsets in buffalo (Bubalus bubalis) with cross-reactive monoclonal antibodies specific for bovine MHC class I and class II molecules and leukocyte differentiation molecules. Dev Comp Immunol. (2017) 74:101–9. doi: 10.1016/j.dci.2017.04.013

 11. Elnaggar MM, Grandoni F, Abdellrazeq GS, Fry LM, El-Naggar K, Hulubei V, et al. Pattern of CD14, CD16, CD163 and CD172a expression on water buffalo (Bubalus bubalis) leukocytes. Vet Immunol Immunopathol. (2019) 211:1–5. doi: 10.1016/j.vetimm.2019.03.010

 12. Brownlie J, Hooper LB, Thompson I, Hompson ME, Collins ME. Maternal recognition of foetal infection with bovine virus diarrhoea virus (BVDV)—the bovine pestivirus. Clin Diagnost Virol. (1998) 10:141–50. doi: 10.1016/S0928-0197(98)00030-0

 13. Yeşilbag K, Alpay G, Becher P. Variability and global distribution of subgenotypes of bovine viral diarrhea virus. Viruses. (2017) 9:128. doi: 10.3390/v9060128

 14. Akhtar S, Asif M. Epidemiologic association between antibody titres against bovine virus diarrhoea virus, rinderpest disease virus and infectious bovine rhinotracheitis virus in a buffalo herd. Trop Anim Health Prod. (1996) 28:207–12. doi: 10.1007/BF02240936

 15. Zaghawa A. Prevalence of antibodies to bovine viral diarrhoea virus and/or border disease virus in domestic ruminants. Zentralbl Veterinarmed B. (1998) 45:345–51. doi: 10.1111/j.1439-0450.1998.tb00803.x

 16. Sudharshana KJ, Suresh KB, Rajasekhar M. Prevalence of bovine viral diarrhoea virus antibodies in India. Rev Sci Tech. (1999) 18:667–71. doi: 10.20506/rst.18.3.1189

 17. Becher P, Orlich M, Shannon AD, Horner G, König M, Thiel HJ. Phylogenetic analysis of pestiviruses from domestic and wild ruminants. J Gen Virol. (1997) 78:1357–66. doi: 10.1099/0022-1317-78-6-1357

 18. Craig MI, Venzano A, König G, Morris WE, Jiménez l, Juliá S, et al. Detection of bovine viral diarrhoea virus (BVDV) nucleic acid and antigen in different organs of water buffaloes (Bubalus bubalis). Res Vet Sci. (2008) 85:194–6. doi: 10.1016/j.rvsc.2007.08.013

 19. Martucciello A, De Mia GM, Giammarioli M, De Donato I, Iovane G, Galiero G. Detection of bovine viral diarrhea virus from three water buffalo fetuses (Bubalus bubalis) in Southern Italy. J Vet Diagn Invest. (2009) 21:137–40. doi: 10.1177/104063870902100123

 20. Galiero G. Causes of infectious abortion in the mediterranean buffalo. Ital J Anim Sci. (2007) 6:194–9. doi: 10.4081/ijas.2007.s2.194

 21. Vilcek S, Durkovic B, Kolesárová M, Greiser-Wilke I, Paton D. Genetic diversity of international bovine viral diarrhoea virus (BVDV) isolates: identification of a new BVDV-1 genetic group. Vet Res. (2004) 35:609–15. doi: 10.1051/vetres:2004036

 22. OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals. Paris: World Organisation for Animal Health (2015). 

 23. Yang J, Fu Z, Feng X, Shi Y, Yuan C, Liu J, et al. Comparison of worm development and host immune responses in natural hosts of Schistosoma japonicum, yellow cattle and water buffalo. BMC Vet Res. (2012) 8:25. doi: 10.1186/1746-6148-8-25

 24. SAS STAT 9.2 User's Guide. Cary, NC: SAS Institute (2008). 

 25. Grandoni F, Napolitano F, Scatà MC, De Matteis G. A new polymorphic epitope of bovine CD4 antigen evidenced by flow cytometry. Vet Immunol Immunopathol. (2020) 219:109957. doi: 10.1016/j.vetimm.2019.109957

 26. Topliff CL, Alkheraif AA, Kuszynski CA, Davis WC, Steffen DJ, Schmitz JA, et al. Experimental acute infection of alpacas with Bovine viral diarrhea virus 1 subgenotype b alters peripheral blood and GALT leukocyte subsets, J Vet Diagn Invest. (2017) 29:186–92. doi: 10.1177/1040638717690015

 27. Gånheim C, Johannisson A, Ohagen P, Persson, Waller K. Changes in peripheral blood leucocyte counts and subpopulations after experimental infection with BVDV and/or Mannheimia haemolytica. (2005) J. Vet. Med. B 52:380–5. doi: 10.1111/j.1439-0450.2005.00882.x

 28. Brock KV, Grooms DL, Givens MD. Reproductive disease and persistent infections. In: SM Goyal and JF Ridpath, editors. Bovine Viral Diarrhea Virus: Diagnosis, Management and Control. Ames, IA: Blackwell Publishing. (2005). p. 145–56. doi: 10.1002/9780470344453.ch8

 29. Sprecher DJ, Baker JC, Holland RE, Yamini B. An outbreak of fetal and neonatal losses associated with the diagnosis of bovine viral diarrhea virus. Theriogenology. (1991) 36:597–606. doi: 10.1016/0093-691X(91)90397-V

 30. Baker JC. The clinical manifestations of bovine viral diarrhea infection. Vet Clin North Am Food Anim Pract. (1995) 11:425–45. doi: 10.1016/S0749-0720(15)30460-6

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Grandoni, Martucciello, Petrini, Steri, Donniacuo, Casciari, Scatà, Grassi, Vecchio, Feliziani, De Matteis, Davis and De Carlo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_1.gif
Y = p +TRIAL + DPI + TRIAL*DPI 4+ c+ e





OPS/images/fvets-07-574434-t002.jpg
dpi wsc Neutrophils Lymphocytes Monocytes Eosinophils Basophils

Mean  SD  Mean sp Mean sD Mean sb Mean SD  Mean  SD
Trial 1 (N = 2) 0 629 033 266 0.42 287 059 055 009 0.17 007 004 000
3 515 020 81 065 1.08 058 065 001 028 016 008 002
4 354 062 183 054 1.00 0.19 0.48 005 0.17 024 006 007
6 416 105 217 087 097 0.12 089 0.10 0.10 002 008 002
8 480 051 245 002 1.35 062 090 019 001 000 010 005
10 631 093 246 079 283 022 0.70 026 029 007 002 002
14 634 081 323 076 206 011 084 031 0.19 002 008 002
17 794 189 478 072 234 054 065 0.13 0.01 000 047 001
20 666 128 842 054 258 064 0.69 0.13 023 012 005 002
27 677 088 303 006 291 1.02 045 003 034 004 003 000
Trial2 (N = 2) 0 727 243 389 1.91 216 039 083 020 031 043 009 0.0
3 561 059 828 049 1.38 008 066 029 026 031 006 006
4 543 044 327 0.49 142 001 087 003 0.00 000 047 011
6 5.28 0.05 321 0.08 1.15 0.13 0.71 0.15 0.21 0.15 0.04 0.05
8 5.20 0.16 3.13 0.01 1.08 0.20 0.87 0.03 0.09 0.08 0.05 0.04
10 802 161 279 064 385 083 086 009 050 005 001 000
14 660 173 849 1.06 230 0.16 095 0.49 0.01 001 015 002
17 665 054 430 038 157 024 067 017 0.00 000 009 006
20 724 098 471 o7t 1.81 007 055 0.16 0.14 015 004 001
27 680 177 306 073 258 098 090 009 0.18 024 009 010
Meaninfection(N=4) 0  678* 153 827 138 251% 058 0.69 020 024 027 007 006
3 5.38% 0.45 3.19 0.48 1.23% 0.38 0.66 0.17 0.27 020 0.04 0.04
4 448 118 255 094 106 013 068 023 0.09 017 011 010
6 4720 089 269 079 106 0.4 0.80 0.15 0.16 011 004 003
8 5000 038 279 040 1228 041 088 o1 0.05 006 007 005
10 7.16* 1.46 263 0.62 3347 0.77 0.78 0.18 0.40 0.13 0.02 0.01
14 64 108 321 075 2188 018 090 034 0.10 010 009 007
17780 114 454 055 1954 056 066 012 0.00 000 013 006
20 695 097 391 105 2494 088 0.62 0.14 0.18 012 005 002
27 678 114 304 042 274 084 068 027 026 017 008 007

Significance test was not performed for trials 1 and 2 cue to the small number of animels. Significant differences are referred to individual clesses of leukocytes (column) and considered
between 0 dpi and single time points (e.g., 0 vs. 3 dpj, %8P < 0.01; %P < 0.05.
WBC, white blood cells (total leukocytes); SD, standard deviation.
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Tiil 1 values were obtained from multicolor flow cytometry panel 6, trail 2 values from panels 1-5 (Table 1). Significance test was not performed for trals 1 and 2 due to the smal
number of animals. Significant differences are referred to single lymphocytes subset (in) between pre- and post-infection time points: 0 vs. 3 dpi; 0 vs. 4 dpi; O vs. 14 dpi. A48P < 0.01;

abp - 0.05.
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Panel-method Antigen Clone Isotype Source Labeling References

1-indirect cos 7c28 19Gza WSU-MAC Fit (10)
cp4 GOS0A IgM WSU-MAC PE (10)
8 chain GB21A 19G2o WSU-MAC PE-Cy7 (10)
cn3 MMia 19G1 WSU-MAC APC (10)
2indirect cpes LCTB2A 1gGs WSU-MAC Fitc (10)
ACT16 GB110a IgM WSU-MAC PE (10)
cp4 IL-At1a 19Gza WSU-MAC PE-Cy7 (10)
cn3 MMia 19G: WSU-MAC APC (10)
3-indirect CcD25 LCTB2A 19Gs WSU-MAC Fitc (10)
ACT16 GB110a IgM WSU-MAC PE (10)
cD8 7C28 19G2a WSU-MAC PE-Cy7 (10)
cn3 MMia 1gG1 WSU-MAC APC (10)
4-indirect cbes LCTB2A 19Gs WSU-MAC Fitc (10)
s chain GB21A 19Gz0 WSU-MAC PE (10)
co8 7628 196z WSU-MAC PE-Cy7 (10)
©D33s AKS1 19G1 Bio-Rad APC (10)
S-indirect cp25 LCTB2A 19Gs WSU-MAC Fitc (10)
CD209 209MD26A 19Gza WSU-MAC PE (10)
cp14 CAMBBA IgM WSU-MAC PE-Cy7 (10)
co21 GB25A 196Gy WSU-MAC APC (10)
6-direct cps coss 19Gza Bio-Rad Fit ©
cp21 cc21 1gG1 Bio-Rad Fitc ©
ob4 IL-At1a 19G2a WSU-MAC PE (10)
©D33s AKS1 1gG1 Bio-Rad PE (10)
cD14 TUKA 196Gz Bio-Rad PE-Cy5.5 ©
WC1-N2 BAQIA 19Gs WSU-MAC PE-Cy7 (10)
co3 MM1a 19G4 WSU-MAC APC (10)

WSU-MAC = Washington State University-Monoclonal Antibody Center (Pullman. WA, USA); Bio-Rad Laboratories (Hercules, CA, USA). The anti-bovine CD4-PE conjugated (clone
CC8, Bio-Rad), since negative, was not included in panel 6.
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