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The protein tyrosine phosphatase receptor type-C (PTPRC) gene encodes the common leukocyte antigen (CD45) receptor. CD45 affects cell adhesion, migration, cytokine signalling, cell development, and activation state. Four families of the gene have been identified in cattle: a taurine group (Family 1), two indicine groups (Families 2 and 4) and an African “taurindicine” group (Family 3). Host resistance in cattle to infestation with ticks is moderately heritable and primarily manifests as prevention of attachment and feeding by larvae. This study was conducted to describe the effects of PTPRC genotype on immune-response phenotypes in cattle that display a variable immune responsiveness to ticks. Thirty tick-naïve Santa-Gertrudis cattle (a stabilized composite of 5/8 taurine and 3/8 indicine) were artificially infested with ticks weekly for 13 weeks and ranked according to their tick counts. Blood samples were taken from control and tick-challenged cattle immediately before, then at 21 d after infestation and each subsequent week for 9 weeks. Assays included erythrocyte profiles, white blood cell counts, the percentage of cellular subsets comprising the peripheral blood mononuclear cell (PBMC) population, and the ability of PBMC to recognize and proliferate in response to stimulation with tick antigens in vitro. The cattle were PTPRC genotyped using a RFLP assay that differentiated Family 1 and 3 together (220 bp), from Family 2 (462 bp), and from Family 4 (486 bp). The PTPRC allele frequencies were Family 1/3 = 0.34; Family 2 = 0.47; Family 4 = 0.19. There was no significant association between PTPRC genotype and tick count. Each copy of the Family 1/3 allele significantly decreased total leucocyte count (WCC) and CD8+ cells. Increasing dosage of Family 2 alleles significantly increased red blood cell count (RCC), haematocrit (PCV), and haemoglobin (Hb) concentration in blood. Increasing dosage of the Family 4 allele was associated with increased WCC, reduced RCC, reduced PCV and reduced Hb. Homozygote Family 1/3 animals had consistently lower IgG1 in response to tick Ag than homozygote Family 2 animals. The PTPRC genotype influences the bovine immune response to ticks but was not associated with the observed variation in resistance to tick infestation in this study.




Keywords: ticks & TBDs, host resistance, immunity, parasite, immunoglobulin, erythron, leukocytes



Introduction

PTPRC or protein tyrosine phosphatase receptor-type C, also known as CD45, or leukocyte common antigen (LCA) is a key component of the signal transduction cascade in immune cells (1). Throughout this report, we refer to PTPRC as the gene encoding CD45, although the gene as annotated for human and mouse has several aliases: B220, CD45, CD45R, Cd45, GP180, LCA, L-CA, Ly-, LY5, Ly-5, Lyt-, Lyt-4,T200. CD45 was initially investigated in cattle for its potential involvement in pathogen tolerance in African cattle (2). They found that allelic polymorphisms in CD45 constituted the basis for differential antibody staining in peripheral blood leukocytes from cattle of African, European, and Indian origin, and suggested that polymorphism might be associated with tolerance to regionally endemic pathogens.

CD45 is an abundant cell surface glycoprotein found in the plasma of all nucleated hematopoietic cells and controls the immune response by dephosphorylating molecules that initiate antigen receptor signalling in T- and B-cell cells, such as the Src family kinases (SFKs) (3, 4). There are many isoforms of differing molecular weight due to the alternative splicing of exons 4, 5 and 6 (referred to as A, B and C) in the extracellular domain. The smallest isoform is CD45RO of approximately 180 kDa, lacking all of the alternatively spliced exons, whereas the largest isoform that includes all three exons – CD45RABC is about 240 kDa and heavily glycosylated (1, 3, 5). In addition to these variably spliced domains, the protein comprises three fibronectin type III (FN3) repeats, a short transmembrane domain, and a cytoplasmic region of two tandemly duplicated PTPase homology domains (D1 and D2), in which only D1 is catalytically active (3). The expression of PTPRC is tightly regulated depending on the cell type, maturation, and activation state. Although nucleotide sequence in the extracellular domains is highly variable, the isoform structures are largely conserved across species (3, 6). In Bos taurus cattle, PTPRC is on chromosome 16, has at least 30 exons and nine characterized isoforms (Gene ID: 407152, NCBI, 2021). Human and B. taurus PTPRC sequences show approximately 70% sequence identity. In humans five CD45 isoforms are well characterized (6). Ballingall et al. (2) initially considered PTPRC as one of several genes that might influence the diverse responses of African and Asian cattle to endemic pathogens in Africa. They noted that peripheral blood leukocytes from African and European taurine cattle had similar CD45RO antibody staining patterns whereas in indicine cattle, the pattern was variable. The pattern of staining corresponded with four distinct allelic families of PTPRC: B. taurus, Bos indicus (×2), and cattle of African origin (2, 7).

Ballingal et al. (2) showed that there appeared to be strong natural selection on extracellular domains of CD45 protein and proposed that it was likely to be a determinant of the immunity of cattle to endemic pathogens. Loss-of-function mutations of PTPRC have consequences related to immunodeficiency and malignancy in humans and mice (4) and CD45 has been associated with disease in cattle. A microarray-based study showed that PTPRC expression in the mesenteric lymph nodes of cattle with high resistance to gastrointestinal nematodes was increased, which was subsequently confirmed by qRT PCR (8). In a study on the reactivity of subsets of leukocytes present in the skin of B. taurus and B. indicus cattle infested with R. australis, antibodies specific for CD45 and CD45RO epitopes bound differentially in taurine and indicine cattle (9). In a follow-up study using tick resistant and susceptible Santa Gertrudis cattle, the reactivity of cells to CD45 and CD45RO mAbs also differed between resistant and susceptible cattle of the same breed (10). It was proposed that CD45 variants of B. indicus lack the epitopes recognized by mAb raised against CD45 and CD45RO in taurine cattle, and that CD45 might therefore have potential as a biomarker for resistance to infestation with cattle ticks.

We hypothesised that sequence variation in PTPRC in cattle affects resistance to ticks and immune phenotype. Our aim here was to take observations on erythrocytes, leukocytes and immunoglobulins obtained from cattle that were experimentally infested with R. australis in a previous experiment (10, 11), genotype the animals for the major PTPRC variants, and determine whether variation in these observations was associated with the presence of PTPRC variants.



Materials and Methods


Background Experimental Design, Animals, Tick-Counts, and Immunological Assays

The experimental methods are described in detail in the earlier articles (10, 11) and summarized briefly here. Thirty-five tick-naïve Santa-Gertrudis cattle (a stabilized composite of 5/8 taurine – Shorthorn – and 3/8 indicine – Brahman) were used in this study, conducted near Brisbane, in Queensland, Australia. The cattle were from a single property of origin and were selected such that their parentage was as far as possible an even admixture of sires. Five cattle were held as control animals on a separate, tick-secure property within 5 km of the experimental farm, and the remaining 30 were artificially infested by application to the neck and withers of 10 000 (0.5 g) Rhipicephalus australis tick larvae weekly for 13 weeks. Tick larvae were of the Non-Resistant Field Strain (NRFS) that is maintained free of Babesia and Anaplasma pathogens at the Queensland Department of Agriculture and Fisheries’ Biosecurity Science Laboratories (12). Tick counts were conducted weekly using the standard tick count method of Utech et al. (13, 14). Each infestation consisted of larvae applied to the neck and withers. Blood samples were taken from control and tick-challenged cattle immediately before the first infestation, then at 21 d post primary infestation (PPI) and each subsequent week for 9 weeks. The study was conducted with approval from the University of Queensland Animal Ethics - Production and Companion Animals Committee (Approval numbers: SVS/864/06/CRC and SVS/872/07/CRC).

Tick count data recorded over 13 weeks were originally analysed using a mixed effects model applied to data summarized over time (median, area under the curve, final count) fit by restricted maximum likelihood (REML), to rank each animal on its ability to resist tick infestation.

Erythrocyte profiles and white blood cell counts were conducted using a VetABC animal blood cell counter (ABX Hematologie). The percentages of cellular subsets comprising the peripheral blood mononuclear cell (PBMC) population were determined using the Ab listed in Table 1 with a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems), as described in detail by Piper et al. (15). The ability of PBMC to recognize tick antigen (Ag) and proliferate in response to stimulation with antigens in vitro was quantified for concanavalin-A (ConA), and Ag mixtures derived from soluble fractions of salivary gland (SS), mid-gut (GS) or larvae (LS), or membrane-bound fractions of salivary gland (SM) or mid-gut (GM) in triplicate using the method described by Piper et al. (11). Results of PBMC proliferation are expressed in terms of optical density (OD) of microplate photometric readings at 450 nm. IgG1 and IgG2 responses to tick infestation were conducted in triplicate using an indirect ELISA, in wells coated with fractionated tick Ag (salivary soluble – SS; gut membrane – GM; gut soluble – GS; larval soluble – LS) as described in detail in Piper et al. (15). Microtiter plates were coated with diluted tick antigens. Sera were diluted and added to the microtiter plates in triplicate. Monoclonal antibodies (mouse anti-bovine IgG1 and mouse anti-bovine IgG2) were added to all wells. The conjugated antibody (goat anti-mouse IgG heavy and light chain specific, conjugated to horseradish peroxidase) was then added to each well. A tetramethylbenzidine-peroxidase substrate was used to develop the signal, and the reaction was stopped with orthophosphoric acid. The absorbance was read at 450 nm and the mean OD of each biological sample from triplicate wells was used for statistical analysis.


Table 1 | Monoclonal antibodies used and the cell subsets labelled in flow cytometric analysis of cellular subsets.





Genotyping Assays

Thirty-four cattle were genotyped for PTPRC families using a restriction-enzyme fragment length-polymorphism (RFLP) assay that differentiated Family 1 and 3 together (220 bp amplicon - taurine and African taurindicine families), from Family 2 (462 bp - indicine), from Family 4 (486 bp - indicine). Accession numbers of publicly available sequences are shown in Table 2. Genotyping and sequencing assays assessed the region of PTPRC previously identified as exon-9 by Ballingal et al. (2), but which we now consider to most likely correspond with exon-5 or exon-6 (data not shown). The distinguishing features of the 4 families are shown in Table 3. We used a modification of their genotyping assay using the primers CD45ex9_F: TCCTGGGGCTATTTTTGTTGGTGTT and CD45ex9_R: AGGCTGCTCCGAGGTCACCA, with annealing temperature of 59°C, and an expected fragment size of 486 bp. The restriction site enzyme DdeI was used to cut only the B. taurus (Family 1 & Family 3) reference sequence at location 68,989. Genotyping was conducted by capillary electrophoresis using a 3130 XL Genetic Analyzer (Thermofisher, Australia). The amplicons generated for Family 1 and Family 3 were the shortest, at 220 bp, whereas Family 2, with the 24-bp deletion, is 462 bp, and Family 4 is the complete amplicon from forward to reverse primer of 486 bp (Figure 1).


Table 2 | Accession numbers and references for nucleotide sequences used in this study.




Table 3 | Major discriminating features of nucleotide sequence used for defining the four distinct PTPRC families.






Figure 1 | Amplification fragment sizes obtained by the genotyping assay for each of the PTPRC families. The restriction site enzyme DdeI was used to cut the Bos taurus (Family 1 & Family 3) reference sequence at location 68,989. Neither the Family 2 nor Family 4 alleles are cut at this location, and these alleles are differentiated by the 24 bp deletion that is the main characteristic of the Family 2 allele.





Statistical Analysis

All statistical analysis was conducted using R version 4.0.3 [(16) R Core Team, 2018]. Data consisted of 14 or 15 successive time-series observations for each variable for each individual. Only a subset of samples from resistant and susceptible animals had originally been subjected to IgG quantification, so the representation of each of the genotypes was uneven, with some genotypes missing completely. Therefore, only those animals with 220/220 (n = 3) and 462/462 (n=7) genotypes were included in the analysis for IgG1 and IgG2. All dependent variables were checked for normality by plotting as histograms and application of the Shapiro-Wilk test of normality. Variables with non-normal distributions were tested for compliance after natural log and square root transformations, and if these did not yield normally distributed data, they were then transformed using the Johnson family of distributions using the “ls” procedure from the R package “jtrans” (version 0.2.1). Given the highly skewed time-responses of IgG1 and IgG2, only the distributions of the residuals of the GAMs were checked and all were found to approximate normal distributions. Time was expected to be an important explanatory variable, but there was no a priori reason to expect any particular response function for any of the dependent variables over time. Therefore, a generalized additive model was used, with time as a smoothed effect, the allele dosage as a fixed effect (for each of the three alleles, any animal can have the value 0,1,2), and individual animal as a random effect. The R function “gam” from the package “mgcv” (version 1.8-33) was used (17), and models were tested using the “gam.check” function (18). Residuals were plotted for each model and checked for deviations from normality. Estimates of p-values are presented in tables as obtained from the models, but a statistical significance level (α) was set at 0.00083, consistent with Bonferroni correction for testing of 60 variables. For the re-analysis of resistance to ticks, a similar approach was taken to make more efficient use of the non-summarized time-series data.




Results

The most frequent allele was the 462, indicine Family 2, with a relative frequency of 0.47 (32/68 possible alleles), followed by the taurine Family 1/3 allele 220 at 0.34 (23/68 possible alleles), with the 486 allele of the indicine Family 4 being least frequent at 0.19 (13/68 possible alleles). The distribution of genotypes and alleles was uneven, the most common genotype being 462/462, the indicine Family 2 (Table 4, 10/34 animal genotypes). However, the observed frequencies of genotypes did not differ from expectations under Hardy-Weinberg equilibrium (Table 4, χ2 = 3.314, p > 0.1).


Table 4 | PTPRC allele and genotype frequencies.



Neither tick burden nor resistance category was significantly influenced by the PTPRC genotype. Linear regressions of total or median tick count against genotype were not significant (p = 0.46, 0.64, 0.74 for the 222, 462 and 486 genotypes respectively). The GAMs for tick count considered each of 12 weekly timepoints for each of 30 animals, commencing at three weeks after initial infestation. Neither the effect of (smoothed) time nor of dosage of any of the alleles was significant (p > 0.00083, Figure 2 and Table 5).




Figure 2 | Tick counts by days after exposure, commencing at 21 d post infestation and continuing for 11 weeks. Data for the number of copies of the 462 allele are shown, those animals without the allele in pale blue, and animals that were 462/462 in the darkest blue. Neither the count day nor the allele dose were significant in the GAM (p > 0.00083, Table 5).




Table 5 | Summary of GAM outputs for each of the models for tick count and each of the variables for which the main effect of allele frequency was considered to be statistically significant (p < 0.00083).



Almost all the immunological and haematological assay results were significantly affected by time (Table 5, Table S1 and Figures S1–S3). Only Hb, platelet count and the response to larval soluble Ag did not vary significantly (p > 0.00083) over time. White cell count (WCC) was significantly affected by the doses of alleles 220 and 486. Each dose of allele 220 decreased WCC (p = 7.08 × 10-10), whereas each dose of allele 486 increased WCC (p = 4.63 × 10-5, Figure 3A). Red cell count (RCC) increased significantly (p = 1.39 × 10-8, Figure 3B) with each dose of the 462 allele and decreased significantly with each dose of the 486 allele (p = 0.000369). PCV and Hb followed this same pattern of significant increase with each dose of the 462 allele and significant reduction with each dose of the 486 allele (Table 5). For the red blood cell variables, there were distinct response patterns for 462 heterozygotes and 462/462 homozygotes (Figure 4). Among the immunolabelled cells, only CD8+ cells were significantly associated with allele, being reduced in cattle with each additional copy of the 220 allele (p = 0.000197, Figure 5). Immunoglobulin responses were affected by genotype; 220/220 animals had consistently lower IgG1 in response to tick Ag than the 462/462 animals. Most of the models failed to explain a large proportion of the deviance – with the best model explaining 48% and the worst model explaining 4% of the deviance.




Figure 3 | (A) White cell counts by day, commencing pre-infestation and continuing for 11 weeks. Data for the 220 allele are shown, those animals without the allele in palest blue, and animals that were 220/220 in the darkest blue. Both day and the allele dose were highly significant in the GAM (p < 0.00083, Table 5). (B) Red cell counts by day, commencing pre-infestation and continuing for 11 weeks. Data for the 462 allele are shown, those animals without the allele in palest blue, and animals that were 462/462 in the darkest blue. Both day and the allele dose were highly significant terms in the GAM (p < 0.00083, Table 5).






Figure 4 | Transformed RCC (tRCC - A) and transformed MCH (tMCH - B) for the initial (pre-infestation) and end (77 d post-infestation) time points, for each of the genotypes. Horizontal dotted lines in red are the mean pre-infestation values for each of the transformed variables. For RCC, the effect of 462 allele dosage was highly significant in the GAM (p < 0.00083, Table 5) but for MCH the effect approached significance (p = 0.00726, Table S1).






Figure 5 | (A) Gated percentage of CD8+ cells by day, commencing pre-infestation and continuing for 11 weeks. Data for the 220 allele are shown, those animals without the allele in palest blue, and animals that were 220/220 in the darkest blue. Both day and the allele dose were highly significant in the GAM (p < 0.00083, Table 5). (B) IgG1 optical density (OD) in response to soluble salivary tick Ag by day, commencing pre-infestation and continuing for 15 weeks. Data for the 220 allele are shown and those animals without the allele (pale blue) are all 462/462 (dark blue). Both day and the genotype were highly significant terms in the GAM (p < 0.00083, Table 5).





Discussion

The study on which this project is based (10, 11) was intended to contrast local and systemic immune responses and haematology between cattle of high resistance and those of low resistance to tick infestations. An incidental finding of the original studies was that highly resistant animals were less likely to have detectable CD45+ or CD45RO+ cells in skin (10). However, that observation was based on an extreme-group comparison of the 6 most resistant and 6 least resistant animals. In the present study, we genotyped PTPRC (CD45) for all the original animals in the trial and found that although there was no significant relationship between tick count and the dosage of any one of the three differentiable alleles, large differences in erythrocyte, leukocyte and humoral responses were observed among PTPRC genotypes: the indicine Family 2 (462) allele was associated with a more robust erythron; the “taurindicine” Family 1 allele (220) was associated with lower leukocyte count, lower % gated CD8+ cells, and lower IgG1 recognition of tick-specific Ag. Given that these alleles are believed to have tick-resistant and tick-susceptible origins respectively, there is some potential confounding of the apparent allelic effects by alleles at other loci that are in linkage disequilibrium (LD) with them. The Santa Gertrudis breed was selected for this study intentionally to reduce confounding by genetic background. The breed was established in Texas about 100 years ago as a hybrid between B. taurus and B. indicus cattle, so it is expected that over 30-40 generations of breeding LD should have been reduced among the linked genes and eliminated among the unlinked genes. It follows that caution is required in extrapolating from contrasts among the genotypes in this study to contrasts between indicine and taurine animals from previous studies. It cannot be inferred that differences between B. indicus and B. taurus cattle can be attributed to variation in PTPRC genotype, nor that PTPRC genotype is necessarily consistent in populations of B. taurus and B. indicus cattle. Our unpublished sequence and genotyping data suggest that Brahman cattle in Australia are diverse and include members of all four families, whereas Holstein-Friesian cattle seem to be almost exclusively taurine Family 1.

The most pronounced differences among genotypes were in the variables relating to red blood cells. Cattle with the indicine Family 2 allele for PTPRC (462) had higher RCC, PCV and Hb. The Family 2 heterozygotes had significantly higher RCC than the Family 2 homozygotes during the pre-infestation and early infestation periods, but by 11 weeks the homozygote was also high. Similar patterns were noted for PCV and Hb. At the end of the study period, MCH was lowest in Family 2 homozygotes, which, taken with the increase in RCC in these animals, is consistent with a stronger regenerative response to blood loss. Red cell counts have previously been reported to be higher in tick-infested indicine than taurine cattle, in the absence of Babesia and Anaplasma haemoparasites (15), and greater resistance to reduction in erythrocyte counts of B. indicus cattle that have been exposed to Babesia has also been demonstrated (19). All nucleated haematopoietic cells express CD45, the dominant isoforms being RO and RB (3). Although most investigations on CD45 function have focused on immune signalling, it has been shown that CD45 is an important regulator of splenic erythropoiesis (20). Although the bulk of erythropoiesis occurs in the bone marrow, splenic erythropoiesis, supported by red pulp macrophages (RPM) makes an important contribution to the expansion of the erythron in response to diverse stressors including hypoxia, endotoxins, bacterial and viral infections. Mice that are deficient in CD45 show abnormal erythropoiesis and accumulate progenitor forms of erythrocytes (20). It has also been shown that CD45 is a negative regulator of erythropoietin-dependent haematopoiesis through its inhibition of Janus kinase (JAK) signalling pathways (21). Therefore, there are several mechanisms by which variation in CD45 genotype could influence haematopoiesis, and the observations from our study are consistent with the pathogen-driven selection hypothesis advanced by Ballingal et al. (2).

Cattle with the taurine Family 1 (220) allele for PTPRC had lower WCC and lower gated percentages of CD8+ cells (T cytotoxic cells) in circulation. Immunoglobulins specific to three of five tick Ag mixtures differed highly significantly between homozygotes of the Family 1/3 (220) and the Family 2 (462) genotypes. Among the cell proliferation assays conducted in our study, genotype did not have a significant effect, using α corrected for multiple comparisons to 0.00083. However, several of the GAMs estimated p-values approaching this level (Family 1/3 allele 220: p = 0.00174 for ConA stimulation, and p = 0.00181 for larval soluble Ag). Diverse leukocytic responses to tick infestation have been reported in tick-infested cattle of indicine and taurine origins. Rechav (22) reported that Simmental (B. taurus) cattle had higher leukocyte counts than Brahmans (B. indicus) when infested with diverse species of African ticks. We previously found a similar result in a contrast between tick-infested Holstein-Friesian (B. taurus) and Brahman (B. indicus) cattle (15). Immunoglobulin production in response to tick Ag has been shown to differ between taurine and indicine cattle exposed to ticks although the directions of the associations have not been consistent among studies and experimental conditions (15, 23). Rocha Garcia et al. (24) confirmed that there were clear differences between taurine and indicine cattle in their ability to recognize and respond to tick Ag. The lymphoproliferative, phagocytosis and oxidative burst activity of neutrophils and monocytes differs between indicine and taurine cattle, each responding differently to co-culturing with R. microplus salivary gland extract (25). Ramachandra and Wikel (26) found substantial differences in taurine and indicine leukocyte biology – T cells from B. indicus cattle had a stronger proliferative response to ConA and peripheral blood mononuclear cells from B. indicus cattle produced more IL-1 in response to lipopolysaccharide (LPS). Given the many mechanisms by which CD45 is known to modulate leukocyte proliferation and cytokine responses to various stimuli (4, 21), the divergent leukocyte biology evident in animals of the different genotypes in our study is not surprising.

The immunological observations used in our study were selected with a view to better understanding the mechanisms underlying the differences in host resistance to tick infestation rather than for the characterization of the complete immunological phenotypes of animals of each of the PTPRC genotypes. As such, we have an incomplete set of observations on a relatively small dataset of animals that is not balanced by genotype. However, our population does have the advantage of being drawn from a breed in which we expect some of the confounding effects of linkage disequilibrium to have been reduced or eliminated. The effects of CD45 are mediated largely by variation in isoform expression and glycosylation rather than by variable ligand binding or variable enzyme expression, and most of the clinically relevant polymorphisms in humans influence isoform expression (4). At present there is not enough information on the full genomic sequence variants of PTPRC in cattle or isoform expression variants to confidently relate the cattle genotypic families to any studies on human or murine variants of PTPRC. Nonetheless, it seems safe to conclude that variation in PTPRC is likely to contribute to variation in the profiles and functions of leukocytes and erythrocytes of cattle. In human medicine, CD45 isoform expression is used as an important component of clinical immunological profiles (27). In cattle, there are relatively few reports on its application, although it has been used as one of several markers of immune response to mastitis (28) and rumen fluke (29), among others. In our study, PTPRC polymorphism was strongly associated with divergent erythrocytic, leukocytic and humoral responses to tick infestation. The extent to which this might be useful to aid in the selection of adapted cattle will depend on better knowledge of the variants in populations of cattle, the link between polymorphism of PTPRC, form and function of CD45, and possible interactions with other genes.
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In all cases, the model includes measurement time as a smoothed variable, allele dosage as a fixed effect with three levels (that represent the number of copies of that allele that the
individual has: 0,1,2) and animal ID as a random effect. Data have not been back-transformed — model intercepts and effect estimates represent the intercept and effect sizes on the
transformed data. Results for the full set of outcome variables are shown in Table S1.





