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Analysis of leukocyte populations in Canadian Holsteins classified
as high or low immune responders for antibody- or cell-mediated
immune response
Brad C. Hine, Shannon L. Cartwright, Bonnie A. Mallard

Abstract

Selection of dairy cattle for increased milk production with little or no emphasis on health traits leads to an increased prevalence
of disease. A possible genetic solution to this problem is to combine production and immune response traits in a weighted
selection index. In the current study, leukocyte populations in heifers identified as having a high antibody-mediated immune
response (HiAMIR) or high cell-mediated immune response (HiCMIR) phenotype were compared before and after immunization
in order to identify leukocyte population profiles associated with these phenotypes. The results demonstrated that the HICMIR-
phenotype animals had a higher baseline proportion of gamma-delta T-cells in peripheral blood. Also, the observed increase in
the proportion of B-cells in peripheral blood in response to immunization was greater in the HIAMIR-phenotype animals. It is
expected that identifying leukocyte population profiles associated with immune response phenotypes will improve our ability
to identify animals with enhanced overall immune responsiveness.

Résumé

La sélection des bovins laitiers pour une production laitiere augmentée avec peu ou pas d’emphase sur les caractéristiques de santé peut
mener a une augmentation de la prévalence de maladies. Une solution génétique possible a ce probleme est de combiner les caractéristiques
de production et de réponse immune dans un indice de sélection pondéré. Au cours de la présente étude, on a comparé les populations de
leucocytes retrouvées chez les taures identifiées comme ayant un phénotype pour une forte réponse immunitaire a médiation par les anticorps
(HiAMIR) ou une forte réponse immunitaire a médiation cellulaire (HiICMIR) avant et aprés immunisation afin d'identifier les profils de
populations leucocytaires associées avec ces phénotypes. Les résultats ont montré que les animaux avec un phénotype HICMIR avaient
une proportion plus élevée au départ de lymphocytes T gamma-delta dans le sang périphérique. Egalement, I'augmentation observée de la
proportion de lymphocytes B dans le sang périphérique en réponse a une immunisation était plus grande chez les animaux de phénotype
HiAMIR. 1l est attendu qu’en identifiant les profils des populations leucocytaires associées avec les phénotypes des réponses immunitaires
améliorera notre capacité a identifier les animaux avec une capacité de réponse immunitaire globale supérieure.

(Traduit par Docteur Serge Messier)

Selecting dairy cattle for increased milk production leads to an
increase in the prevalence of disease (1). Positive genetic correlations
have been reported between milk production and the prevalence of
many common diseases of dairy cattle (2). For example, it has been
estimated that the genetic correlation between milk production and
the incidence of mastitis is from 0.15 to 0.37 (2,3). A possible genetic
solution to this problem is to combine production and immune
response (IR) traits in a weighted selection index with the goal of
breeding high-producing animals with enhanced overall immune
responsiveness, thereby improving immune defence against infec-
tious disease (4).

As immune response is a complex polygenic trait, it may not be
feasible to identify genes of major effect that could be used to select
for enhanced overall immune responsiveness (4). A more appropri-
ate strategy is to consider IR as a quantitative trait with a charac-
teristic phenotype that can be objectively measured (4). Adaptive

cell-mediated immune responses (CMIR) and antibody-mediated
immune responses (AMIR) tend to predominate in the control of
intra- and extracellular pathogens, respectively (5). Therefore, a
protocol was previously developed and tested to estimate the breed-
ing value of the adaptive immune responsiveness of individual
animals as measured by their ability to mount both CMIR and
AMIR (5,6).

Extensive field testing conducted by this laboratory has revealed
that CMIR and AMIR, as measured using the IR testing protocol
described here, are negatively genetically correlated in dairy cattle
(7). This suggests that selecting animals based on their resistance to
extracellular pathogens may increase their susceptibility to intracel-
lular pathogens and vice versa. It has therefore been proposed that
selecting animals with enhanced overall immune responsiveness (an
above-average ability to mount both CMIR and AMIR) will improve
broad-based disease resistance and overall animal welfare, and
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reduce reliance on the use of antibiotics and other therapeutic agents
to control infectious disease in the dairy industry (4). It has been
previously shown that dairy cows with a high-AMIR and high-CMIR
phenotype have a lower occurrence of diseases such as mastitis (8).

The relationship between the number and/or proportion of cells
in various blood leukocyte subsets on one hand and immune compe-
tence on the other has been investigated in various livestock species
(9,10). Samma et al (10) investigated the genetic variation in the pro-
portion of cells in various lymphocyte subsets in dairy cows before
and after treatment with dexamethasone, a glucocorticoid hormone
used to mimic the immunosuppressive effects of parturition. Baseline
measurements of all lymphocyte traits showed significant genetic
variation with moderate to high heritability estimates ranging from
0.21 to 0.60. Furthermore, basal values were strongly genetically
correlated with the linear recovery of both CD4" and CD8* T-cell
proportions after treatment. Based on these results, it was concluded
that the proportions of lymphocyte subsets are potentially important
indicators of immune competence in dairy cattle.

The objective of the current study was to compare peripheral
blood leukocyte populations in heifers identified as having high-
AMIR/low-CMIR (HiAMIR) or low-AMIR/high-CMIR (HiCMIR)
phenotypes before and after immunization in order to identify
leukocyte population profiles associated with these phenotypes.
This profile information could then be used, in conjunction with our
current IR testing protocol, to further improve our ability to identify
animals with enhanced overall immune responsiveness.

The heifers used in the current study were previously classified
as having a HIAMIR- or HICMIR-phenotype (11). Briefly, primary
IR testing was conducted on 128 Canadian Holstein replacement
heifers. After primary IR testing, heifers were ranked based on their
ability to mount CMIR and AMIR. A subset of 40 heifers, identified
as having a HIAMIR (n = 20) or HICMIR (n = 20) phenotype, were
selected to undergo secondary IR testing with the same antigens (11).
The IR-testing procedure used was developed to assess overall
immune responsiveness in dairy cattle. It involves immunizing ani-
mals with Candida albicans and hen egg white lysozyme (HEWL) to
induce predominantly type-1 (cell-mediated) and type-2 (antibody-
mediated) immune responses, respectively, and then assessing
immune responses to these antigens. The current study describes
the leukocyte profiles of these HHAMIR and HiCMIR heifers before
and after secondary IR testing.

At the start of secondary IR testing, heifers ranged in age from 5 to
26 mo. Of the heifers tested, 19 were non-pregnant (NP) (11 HIAMIR,
8 HiCMIR), 8 were in early pregnancy (EP, gestation < 100 d)
(3 HIAMIR, 5 HiCMIR), and 13 were in mid-pregnancy (MP, gesta-
tion 100 to 250 d) (6 HIAMIR, 7 HiCMIR). Heifers in late pregnancy
(gestation > 250 d) were not tested, as the effects of approaching
parturition on immune response are already well-described (12).
Heifers were obtained from the Elora Dairy research herd of the
University of Guelph. During the IR challenge, heifers were housed
indoors in group pens and were fed a standard dry cow ration.
All experimental procedures were approved by the Animal Care
Committee of the University of Guelph under the guidelines of the
Canadian Council on Animal Care.

Blood was collected in Vacutainers containing ethylenedi-
amine tetra-acetic acid (EDTA) (Becton Dickinson, Franklin Lakes,

New Jersey, USA) by caudal venipuncture both before (day 0) and
after (day 7) secondary immunization and briefly stored at room
temperature for flow cytometry staining procedures and automated
total and differential leukocyte counting. To identify blood leuko-
cytes expressing specific cell surface markers, a 2-color staining
procedure for whole blood was used as described previously (13)
with the following minor modifications. Cells were washed with
2 mL of phosphate buffered saline (PBS) containing 0.5% bovine
serum albumin (BSA) and 0.1% sodium azide and, after incubation
with secondary antibody, red blood cells were lysed by adding 2 mL
of FACSLyse (Becton Dickinson) and vortexing cells.

Primary antibodies used in surface antigen labelling procedures
were mouse anti-bovine CD45 (pan leukocyte marker) (VMRD,
Pullman, Washington, USA; clone: CACTB51A), mouse anti-sheep
CD45 (pan leukocyte marker) (AbD Serotec, Kidlington, United
Kingdom; clone: 1.11.32), mouse anti-bovine WC1 [gamma-delta
(y8) T-cell marker] (AbD Serotec; clone: CC15), mouse anti-bovine
CD4 (T-helper cell marker) (AbD Serotec; clone: CC8), mouse anti-
bovine CD8 (T-cytotoxic cell marker) (AbD Serotec; clone: CC63),
mouse anti-bovine CD5 (T-cell and a subset of B-cells marker)
(VMRD; clone: B29A), mouse anti-bovine IgM (B-cell marker) (AbD
Serotec; clone: BM-23), mouse anti-bovine CD14 (monocyte marker)
(VMRD; clone: MM61A), mouse IgG1 isotype control (AbD Serotec;
clone: MCA928), and mouse IgG2a isotype control (AbD Serotec;
clone: MCA929). Secondary antibodies used to label cells were goat
anti-mouse IgG1 PE-TR (Invitrogen, Carlsbad, California, USA;
product: M32017) and goat anti-mouse IgG2a FITC (Invitrogen;
product: M32301).

Unstained samples, concentration matched isotype control sam-
ples, and samples receiving secondary antibody only were included
in all cell-labelling procedures to assist in defining positive cell
populations. When staining for cell surface expression of IgM,
blood (100 wL) was washed twice with 2 mL of PBS containing 0.5%
BSA and 0.1% sodium azide to remove soluble IgM before adding
primary antibody. A subset of samples was also stained with a
combination of CD45/CD14 to assist in setting gates around the
lymphocyte population at the exclusion of monocytes. Flow cytom-
etry data were collected using a FACScan flow cytometer (Becton
Dickinson) by gating on the lymphocyte population as defined by
forward versus side scatter. A total of 10 000 events (within the lym-
phocyte gate) were collected for each sample. For analysis, quadrants
were set based on control samples and results analyzed using Cell
Quest software (Becton Dickinson). Total and differential blood
leukocyte counts were determined at the Animal Health Laboratory
(Guelph, Ontario) using an Advia-120 hematology analyzer (Siemens
Diagnostics, Deerfield, Illinois, USA). Differential cell counts were
conducted to determine both the proportion and absolute numbers
of lymphocytes, monocytes, neutrophils, eosinophils, and basophils
(not reported here) in blood.

Flow cytometry and hematology data were analyzed indepen-
dently with a linear mixed model using Proc MIXED (Version 9.1.3,
SAS Institute, Cary, North Carolina, USA). For lymphocyte subsets,
the absolute number of cells was obtained by multiplying the per-
centage positive cells within the lymphocyte gate (determined by
flow cytometry) by the absolute number of lymphocytes (determined
by differential cell count). The effects of phenotype classification
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Table 1. Statistical probabilities supporting differences in the proportions of peripheral blood cell subsets in heifers classified
as having a high antibody-mediated/low cell-mediated (HIAMIR) or low antibody-mediated/high cell-mediated (HiCMIR) immune
response phenotype before (day 0) and after (day 7) secondary immunization

Factor!
Ptype Ptype*Age Ptype*Age*Age Ptype*Status
Cell phenotype? Time® HiIAMIR* HIiCMIR* Ratio/Difference® P-value P-value® P-value® P-value®
% of CD45+ lymphocytes
awc1+* dayO0 17.6 22.2 0.750 (0.578 t0 0.972) 0.031 NS NS NS
awc1+* day7 224 20.2 1.139 (1.008 to 1.287) 0.038 NS NS NS
bCD4* day 0 26.2° 25.0°¢ 1.221 (-1.310t0 3.752) 0.332 0.042 0.044 NS
bCD4* day 7 25.9 27.1 1.263 (—0.582 t0 3.108) 0.172 NS NS NS
aCDh8* day 0 13.3¢ 12.6° 1.061 (0.905 to 1.244) 0.452 0.024 0.033 NS
aCDh8* day 7 11.3 12.1 0.927 (0.843 to 1.020) 0.116 NS NS NS
algM* day0 26.3 26.1 1.008 (0.825 to 1.231) 0.938 NS NS NS
algM* day 7 28.6 26.7 1.102 (1.003 to 1.211) 0.044 NS NS NS
aCDb* dayO0 73.0 73.5 0.972 (0.803 to 1.176) 0.764 NS NS NS
aCDb* day 7 73.1¢ 73.3¢ 0.986 (0.897 to 1.085) 0.769 NS NS NS
% of total leukocytes
aMonocyte day O 4.5 5.3 0.840 (0.692 to 1.019) 0.075 NS NS 0.066
aMonocyte day 7 4.2 3.9 1.094 (0.881 to 1.358) 0.405 NS NS 0.050
alymphocyte day 0 40.8° 46.6° 0.790 (0.618 to 1.009) 0.058 0.006 NS 0.030
alymphocyte day 7 67.4° 68.0° 0.976 (0.836 to 1.139) 0.748 0.062 0.065 0.051
@Neutrophil dayO0 26.6 25.7 1.047 (0.877 to 1.251) 0.598 NS NS NS
@Neutrophil day 7 28.0° 26.0° 1.108 (0.855 to 1.437) 0.423  0.005 0.025 0.056
@Eosinophil day O 4.7¢ 3.4¢ 1.376 (0.947 to 1.999) 0.091 0.040 0.041 NS
@Eosinophil day 7 1.8¢ 1.8¢ 0.993 (0.788 to 1.252) 0.952 0.091 0.080 NS

1 Factor: Ptype — phenotype classification; Status — pregnancy status; A*B — interaction between factor A and B. 2 Data logit transformed? or did
not require transformation® for analysis. 2 Time: day O — before immunization; day 7 — 7 d after immunization. 4 Values represent least squares
means (LSMs) or back-transformed geometric LSMs (transformed variables); Where interactions of Ptype and age® or Ptype and day O covariated
were included in the model, Ptype LSMs were estimated at the mean age of heifers or mean day O value respectively. 5 Values represent the dif-
ference between Ptype LSMs or the back-transformed ratio of Ptype LSMs (transformed variables); Numbers in brackets indicate 95% confidence

interval. ® NS — factors removed from model statement (P > 0.1).

(HiAMIR or HiCMIR), age (linear and quadratic, defined as age in
months at day 0), pregnancy status (NP, EP, or MP), and their 2-way
interactions were fitted to all models. Previous studies have shown
that age and pregnancy status influence type-1 and type-2 immune
responses in dairy heifers (11). The random effect of sampling group
(groups 1 to 4) was also fitted to all models. For analysis of flow
cytometry and hematology data from samples collected at day 7, pre-
immunization (day 0) values were fitted as covariates in the model
so that responses to immunization at day 7 could be assessed while
accounting for the variability observed between individual animals
in their baseline (day 0) values.

The effect of phenotype classification was retained in models
regardless of P-value. However, models were reduced by removing
main effects (age and pregnancy status) if P > 0.25 and removing
interaction terms if P > 0.1. When removing nonsignificant interac-
tion terms, hierarchy was preserved at all times and those effects
involved in significant interactions were retained regardless of
their P-values. To test the assumptions of the analysis of variance
(ANOVA), comprehensive residual analyses were conducted. Proc
UNIVARIATE (Version 9.1.3, SAS) was used to formally test the
residuals for normality (Anderson-Darling, Cramér-von Mises,
Kolmogorov-Smirnov, and Shapiro-Wilk tests). The residuals were

plotted against predicted and explanatory variable values to reveal
potential outliers or other problems in the data and to assess the
need for data transformation. When transformation improved the
normality of residuals, absolute cell count data (cells/milliliter) and
cell proportion data (%) were log (base e) or logit (base e) trans-
formed, respectively. When the effect of phenotype on cell popula-
tions varied with pregnancy status (as indicated by a significant
interaction between phenotype and pregnancy status), least squares
means (LSMs) for each phenotype were estimated at each stage of
pregnancy for reporting purposes. Similarly, when the effect of
phenotype on cell populations varied with age (as indicated by a
significant interaction between phenotype and age), LSMs for each
phenotype were estimated at 9, 15, and 21 mo of age for reporting
purposes.

After selection in the previous study, it was confirmed that pri-
mary AMIR were higher (P < 0.001) in HIAMIR- than in HICMIR-
phenotype heifers and that primary CMIR were higher (P < 0.001)
in HICMIR- than in HIAMIR-phenotype heifers (11). Furthermore,
when selected heifers underwent secondary IR testing, CMIR were
higher in HiCMIR than in HiAMIR heifers (0.922 = 0.061 versus
0.791 £ 0.068), although the difference only approached significance
(P = 0.075). Previous studies have demonstrated that primary and
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Table Il. Statistical probabilities supporting differences in the numbers of peripheral blood cell subsets in heifers classified
as having a high antibody-mediated/low cell-mediated (HIAMIR) or low antibody-mediated/high cell-mediated (HiCMIR) immune
response phenotype before (day 0) and after (day 7) secondary immunization

Factor!
Ptype
HIAMIR*  HiCMIR? Ptype*Age  Ptype*Age*Age  Ptype*Status
Cell phenotype?  Time? (X108 cells/mL) Ratio/Difference® P-value  P-value® P-value® P-value®
aWwcC1+ day O 0.744 1.11¢ 0.665 (0.515 to 0.859) 0.003 0.008 NS 0.003
aWwC1+ day 7 1.08 1.07 1.010 (0.914 to 1.116) 0.840 NS NS NS
cCDh4+ day O 1.51 1.40 0.112 (—=0.083 to 0.307) 0.252 NS NS NS
acbh4+ day 7 1.38 1.46 0.941 (0.840 to 1.054) 0.281 NS NS NS
aCDh8* day O 0.86 0.79 1.092 (0.920 to 1.297) 0.303 NS NS NS
aCDh8* day 7 0.47 0.55 0.859 (0.723 to 1.020) 0.080 NS NS NS
algM* day O 1.50d 1.474 1.016 (0.839 to 1.229) 0.867 0.031 0.038 NS
aAlgM* day 7 1.57 1.40 1.123 (0.981 to 1.286) 0.088 NS NS 0.003
aCD5* day O 3.66¢ 3.924 0.934 (0.809 to 1.078) 0.336 0.028 NS 0.033
aCD5* day 7 3.22 3.46 0.929 (0.836 to 1.033) 0.166 NS NS NS
®CD4*:CD8* day O 1.97 1.95 1.010 (0.877 to 1.163) 0.888 NS NS NS
®CD4*:CD8* day 7 4.23 3.89 1.088 (0.960 to 1.233) 0.180 NS NS NS
‘Monocyte day O 0.42 0.50 0.079 (—=0.001 to 0.159) 0.054 NS NS NS
‘Monocyte day 7 0.36 0.33 0.034 (—=0.037 to 0.104) 0.338 NS NS 0.023
alymphocyte day O 4.90¢ 5.16¢ 0.949 (0.833 to 1.082) 0.422 0.006 NS 0.007
alymphocyte day 7 5.31 5.43 0.979 (0.884 to 1.083) 0.669 NS NS NS
aNeutrophil day O 2.21 2.24 0.986 (0.900 to 1.080) 0.757 NS NS NS
aNeutrophil day 7 1.219¢ 1.29¢%¢ 0.936 (0.808 to 1.085) 0.364 0.020 0.028 NS
aEosinophil day O 0.424 0.29¢ 1.450 (1.010 to 2.082) 0.044 0.016 0.014 NS
aEosinophil day 7 0.18¢ 0.19¢ 0.901 (0.675 to 1.203) 0.465 0.035 0.034 NS
aleukocyte day O 9.26¢ 8.85¢ 1.046 (0.971 to 1.127) 0.226 0.085 NS NS
aleukocyte day 7 6.95%¢ 7.27%¢ 0.956 (0.874 to 1.046) 0.310 0.007 NS NS

1 Factor: Ptype — phenotype classification; Status — pregnancy status; A*B — interaction between factor A and B. 2 Data log (In) transformed?,
ratio of logit transformed dataP® or did not require transformation® for analysis. 3 Time: day O — before immunization; day 7 — 7 d after immuniza-
tion. # Values represent least squares means (LSMs) or back-transformed geometric LSMs (transformed variables); Where interactions of Ptype
and age® or Ptype and day O covariate® were included in the model, Ptype LSMs were estimated at the mean age of heifers or mean day O value

respectively. 5 Values represent the difference between Ptype LSMs or the back-transformed ratio of Ptype LSMs (transformed variables); Numbers
in brackets indicate 95% confidence interval. 8 NS — factors removed from model statement (P > 0.1).

secondary antibody responses to the type-2 antigen used in IR testing
are highly genetically correlated (r = 0.985) (7), which suggests that
the immune factors defining the AMIR phenotype may be common
to both primary and secondary antibody responses. In contrast to
CMIR, secondary AMIR were higher in HIAMIR-phenotype than in
HiCMIR-phenotype heifers at day 7 (LSM difference 0.389 = 0.102,
P =0.003). The mean increase in AMIR from day 0 to day 7, however,
was similar for both phenotypes (P = 0.261). As the type-1 antigen
used in the IR testing protocol can be found ubiquitously in some
environments, CMIR measured during primary and secondary
IR testing could both be considered as memory responses.

Cell profiling results, based on the proportion or absolute numbers
of peripheral blood cell subsets in HHAMIR- and HiCMIR-phenotype
heifers before (day 0) and after (day 7) secondary immunization, are
summarized in Tables 1 and 2, respectively. Phenotype least squares
means (LSMs) (estimated at each stage of pregnancy), when the effect
of phenotype on cell populations varied with pregnancy status, are

presented in Figure 1. Similarly, when the effect of phenotype on cell
populations was influenced by age, phenotype LSMs (estimated at
9,15, and 21 mo of age) are presented in Figure 2.

It is well known that T-cells, a type of lymphocyte, play a major
role in steering the polarization of immune responses and as such
have a central role in CMIR and AMIR. Results from the current
study suggest that, although HIAMIR- and HiCMIR-phenotype
animals produce greater antibody and DTH responses, respectively,
the proportion and absolute numbers of CD4" and CD8" T-cells
along with the CD4:CD8 T-cell ratio are similar in both HiAMIR-
and HiCMIR-phenotype animals, both before (day 0) and after
(day 7) secondary immunization. An exception is the proportion of
CD4* and CD8" T-cells at day 0, which was influenced by pheno-
type. Although phenotype influenced the proportion of CD4* and
CD8* T-cells at day 0, this effect was dependent on age and it was
found that the proportion of CD4" and CD8" T-cells did not differ
between phenotypes at 9, 15, or 21 mo of age. The number of CD5*
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Figure 1. Effect of immune response phenotype on blood cell populations in heifers before (day 0) and after (day 7)
secondary immunization. Values represent least squares means (LSMs) for high antibody-mediated/low cell-mediated
(HIAMIR) and low antibody-mediated/high cell-mediated (HiCMIR) phenotype animals. Error bars represent 95%
confidence intervals (Cls). When data were transformed for analysis, values represent back-transformed LSMs and
Cls. Cell populations were plotted only if the effect of phenotype on the cell population at day 0 or day 7 varied

significantly with pregnancy status.

NP — non-pregnant; EP — early pregnancy (gestation < 100 d); MP — mid-pregnancy (gestation 100 to 250 d).

* P < 0.05
** p < 0.01

lymphocytes at day 0 was also influenced by phenotype, but this
effect was again dependent on age and pregnancy status and no
consistent trend in the effect of phenotype was evident.

Although it was found that populations of CD4* and CD8" T-cells
were similar in both phenotypes before (day 0) and after (day 7)
secondary immunization, significant differences in the population
of WC1™ T-cells were observed between phenotypes. Unlike the
lymphoid systems of humans and mice, the lymphoid system of
ruminants contains large numbers of y3 T-cells (14). This is especially
the case in neonates in which y3 T-cells are the predominant T-cell
fraction found in blood, representing up to 60% of the T-cell pool.
Following the neonatal period, however, the relative proportion of
¥d to alpha-beta (af) T-cells declines continually with age to the
point that y8 T-cells represent less than 10% of peripheral blood
mononuclear cells (PBMCs) in adult ruminants (14). It is thought
that ruminant y8 T-cells play an important role in protecting epi-
thelial surfaces, linking the innate and adaptive immune systems

and regulating immune responses (14,15). Regulatory T-cells (Tregs)
play a critical role in maintaining immune homeostasis. In humans
and mice, natural Tregs (CD4*/CD25"8") expressing Foxp3 act
as important regulators of immune reactivity (15). In ruminants,
however, CD4*/CD25Ms" /Foxp3* T-cells do not exhibit regulatory
activity, which is a function that appears to reside with the y3 T-cell
population (15).

In the current study, HiICMIR animals had a higher proportion
of yd T-cells before immunization (day 0) than their HIAMIR coun-
terparts. The effect of phenotype on absolute numbers of y& T-cells
was dependent on both age and pregnancy status. Absolute numbers
of yd T-cells were higher in HiICMIR animals at 9 and 15 mo of age
but did not differ at 21 mo of age. Furthermore, y8 T-cell numbers
were higher in HiCMIR animals during mid-pregnancy. Although
numbers of y3 T-cells were similar in both phenotypes after immu-
nization (day 7), y8 T-cells made up a higher proportion of total
lymphocytes in HHAMIR animals than in HICMIR animals. In vivo
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Figure 2. Effect of immune response phenotype on blood cell populations in heifers before (day 0) and after
(day 7) secondary immunization. Values represent least squares means (LSMs) for high antibody-mediated/
low cell-mediated (HIAMIR) and low antibody-mediated/high cell-mediated (HICMIR) phenotype animals. Error
bars represent 95% confidence intervals (Cls). When data were transformed for analysis, values represent
back-transformed LSMs and Cls. Cell populations were plotted only if the effect of phenotype on the cell
population at day 0 or day 7 varied significantly with age.

*P < 0.05
** P < 0.01

depletion of the y8 T-cell population in calves using monoclonal
antibodies enhances the production of antibodies against the type-2
antigen, ovalbumin, which suggests that yd T-cells exhibit suppres-
sor activity on B-cell responses either directly or through effects
on helper T-cell populations (16). In contrast, during delayed-type
hypersensitivity (DTH) skin-test reactions to the type-1 antigen,

purified protein derivative (PPD), it was found that depletion of
the yd T-cell population did not adversely affect the development
of DTH responses in calves, even though y8 T-cells were found to
infiltrate the test site in response to antigen (17).

B-cells are lymphocytes that have the unique ability to produce
antibody in response to antigen stimulation. These cells also play
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an important role in antigen presentation and as such are a critical
component of the adaptive immune system. Results indicated that
the proportion and absolute numbers of B-cells IgM™") were higher
in HIAMIR animals at day 7. Although phenotype did influence
the number (but not the proportion) of B-cells at day 0, this effect
was dependent on age and the number of B-cells was similar in
both phenotypes at 9, 15, or 21 mo of age. When combined, these
results suggest that proliferation of the B-cell population is greater
in HIAMIR than in HiCMIR animals in response to immunization
with the specific test antigens.

An inverse relationship between antibody production and mac-
rophage function has previously been reported in cattle selected for
resistance or susceptibility to Brucella abortus (18). A similar relation-
ship has also been reported in mice selected for high and low anti-
body production (19), whereas in pigs selected for overall immune
responsiveness, monocyte function was similar in high IR (HIAMIR/
HiCMIR) and low IR (LoAMIR/LoCMIR) lines (20). Although
monocyte function was not investigated here, the proportion and
numbers of blood monocytes were found to vary between pheno-
types. HICMIR-phenotype animals tended to have a higher number
of monocytes at day 0, although such a difference only approached
significance (P = 0.054). Although the proportion of monocytes at
day 0 was influenced by phenotype, the effect was dependent on
pregnancy status, with non-pregnant HICMIR-phenotype animals
having a higher number of monocytes than non-pregnant HiAMIR-
phenotype animals. After immunization, the effect of phenotype clas-
sification on the monocyte population also varied with pregnancy
status. Although differences were observed between phenotypes in
lymphocyte, neutrophil, eosinophil, and total leukocyte populations
at day 0 and/or day 7, a consistent trend in the effect of phenotype
was not evident.

In summary, differences in leukocyte populations were observed
between HiAMIR- and HiCMIR-phenotypes both before and in
response to immunization. Results suggested that both the baseline
proportion and the number of 3 T-cells observed in an animal before
immunization (day 0) and changes in the proportion and number of
B-cells observed in an animal in response to immunization (day 7)
may be associated with an animal’s ability to mount a CMIR and
AMIR, respectively. Further studies will be required to confirm these
findings in a large cohort of animals, to investigate the biological
basis of such relationships, and to assess whether or not combining
measures of leukocyte population traits with measures of CMIR and
AMIR to define IR phenotypes can further improve our ability to
assess overall immune responsiveness.
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