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ABSTRACT

The immune system of newborn calves is immature
and must mature gradually. Understanding how this
immunity is established may define different profiles.
Twelve healthy calves were monitored during 8 time
periods to assess the innate immune system during the
first 90 d. Blood samples were collected, and the blood
phagocytes, identified by the expression of CD14 and
CH138 surface molecules, were evaluated for phagocyt-
ic functionality (Staphylococcus aureus and Escherichia
coli stained with propidium iodide) and the intracel-
lular production of reactive oxygen species (2,7'-dichlo-
rofluorescein diacetate oxidation). Functional changes
in the CD14+ and CH138+ cells occurred at 40 d of
age, with sporadic increases in phagocytosis intensity
and reactive oxygen species production, and decreased
phagocytosis occurred at 60 d of age. Therefore, fewer
phagocytes were active from 40 d of age, although those
that were active performed their roles with greater ef-
ficacy. That change presumably occurred because the
calf phagocytes began to support the immune response
without the influence of passive immunity. The animals
failed to reach the stability needed to complete the
maturation of the innate immune response by 90 d of
age. These data are applicable for healthy calves only.
Key words: phagocytosis, oxidative metabolism, flow
cytometry, innate immunity, newborn calf

INTRODUCTION

Great advances have been made in the field of veteri-
nary medicine, with a better understanding of diseases,
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new diagnostic methods, and new drugs. However,
the calf-rearing stage continues to show high rates of
morbidity and mortality, and septicemia, diarrhea, and
pneumonia, as well as bovine babesiosis and anaplas-
mosis, remain the leading causes of mortality despite
advances (Windeyer et al., 2014).

The hormonal changes in late pregnancy, including
increased maternal and fetal cortisol, affect the innate
immune response of newborn calves, causing a decrease
in phagocytosis and in the bactericidal activity of neu-
trophils and macrophages. Furthermore, neonates show
low levels of complement factors and a decrease in their
activity, a decreased functional activity of natural killer
cells, and a lower ratio of dendritic cells (Barrington
and Parish, 2001; Morein et al., 2002; Chase et al.,
2008).

At birth, nalve newborns are transferred from a
sterile uterine environment to a septic environment.
The immaturity of protective mechanisms and the time
required to develop humoral and cell-mediated immune
responses may account for their inability to initiate
the immune response at birth (Barrington and Parish,
2001). At this stage, their immune response is primary
and characterized by low concentrations of immuno-
globulins (Cortese, 2009).

Few studies have evaluated the maturation of the
cellular immune system in healthy calves from birth
to puberty. Kampen et al. (2006) assessed lymphocyte
subpopulations in calf blood from birth to 6 mo of age
using flow cytometry. However, relatively little informa-
tion has been reported regarding the characterization
or roles of blood phagocytes. In a preliminary study,
Batista et al. (2012) evaluated the local phagocytes in
the calf respiratory system, showing the existence of
variation in the functionality of these cells over time.
To understand the development of cellular immunity in
calves, the present study examined the immunopheno-
type and the function of blood phagocytes over the first
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3 mo of calf life to identify periods of increased disease
susceptibility.

MATERIALS AND METHODS

The present study was approved by the Animal Eth-
ics Committee of the School of Veterinary Medicine and
Animal Science, University of Sdo Paulo (Faculdade de
Medicina Veterindria e Zootecnia da Universidade de
Sao Paulo; FMVZ-USP). Twelve male Holstein calves,
born of normal delivery, introduced into the study at 1
to 5 d of age were used. The total protein and ~v-globulin
of all the animals were >50 and 10 g/L, respectively,
which is indicative of the successful acquisition of pas-
sive immunity and animal health (Feitosa et al., 2001).
The calves were allocated to the experimental neonatol-
ogy center of the Clinic for Cattle and Small Ruminants
at FMVZ-USP in individual iron cages suspended,
measuring 1.40 x 1.47 x 0.72 m, and after completing
30 d of life they were transferred to stalls measuring
1.375 x 2 m with 2 calves per stall. During the day, the
animals were released in a collective cemented place
with incidence of sunlight. The animals were monitored
daily to ensure their health during the study evaluated
by blood count and by clinical examination. No abnor-
malities were found on clinical examination or in the
blood count of these animals using reference parameters
described by Peixoto et al. (2002). Nutritional manage-
ment consisted of whole milk powder intake. They were
given 4 L of milk per day, divided into 2 feedings. The
animals were fed with pelleted feed for calves 2 times
a day and ad libitum hay, water, and mineral salt. The
serum immune function of these animals was evaluated
during 8 intervals within the first 3 mo of life: first week
of life (M1), 8 to 14 d old (M2), 15 to 22 d old (M3),
23 to 30 d old (M4), 31 to 40 d old (M5), 41 to 50 d
old (M6), 51 to 60 d old (MT), and 90 d old (M8). The
blood samples were collected by jugular venipuncture
with vacuum method used in tubes with heparin.

Assays for population quantification, for the assess-
ment of the intracellular production of reactive oxygen
species (ROS) and for phagocytosis by blood leuko-
cytes were performed using flow cytometry (Hasui et
al., 1989; Kampen et al., 2004a,b). The blood cells were
incubated with Staphylococcus aureus (ATCC 25923) or
FEscherichia coli (098: H28) stained with propidium io-
dide (PT; catalog no. P4170, Sigma-Aldrich, St. Louis,
MO). The labeling of bacteria was performed as estab-
lished by Hasui et al. (1989), with certain modifications
(Souza et al., 2012).

The assays were performed in polypropylene tubes
suitable for flow cytometry. To assess the basal intracel-
lular ROS production, 100 pL of blood from each ani-
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mal were added to each tube and incubated at 37°C for
30 min with 200 pL of 0.3 mM 2,7'-dichlorofluorescein
diacetate (DCFH-DA). To conduct the phagocytosis
tests, 100 pL of S. aureus or E. coli stained with PI were
added to those tubes in ratios bacteria to phagocytes of
up to 25:1 [multiplicity of infection (MOI) = 25].

The test to identify the blood phagocytes was per-
formed together with the functional assessment. After
centrifuging (250 x ¢ for 8 min at 4°C) and discarding
the supernatant, 1 pL of mouse IgG,; anti-bovine CD14
monoclonal antibody (catalog no. MM61A, VMRD
Inc., Pullman, WA) or 1 pL of mouse IgM anti-bovine
CH138 monoclonal antibody (catalog no. CH138A,
VMRD Inc.) was added to the tubes according to the
population to be identified, and the tubes were left
standing at room temperature for 30 min. After the in-
cubation period, 1,000 pL of ice-cold PBS were added,
and then a new centrifugation (250 x ¢ for 8 min at
4°C) was performed. The supernatant was discarded,
1 pL of goat anti-mouse IgG subscript 1 monoclonal
secondary antibody conjugated to the fluorochrome al-
lophycocyanin (catalog no. A10541, Invitrogen Corp.,
Carlsbad, CA) was added to the tubes to label the
monocytes, and goat anti-mouse IgM monoclonal
secondary antibody conjugated to allophycocyanin
(catalog no. M31505, Invitrogen Corp.) was added to
the tubes to identify granulocytes according to the
manufacturer’s recommendations. The tubes were kept
at room temperature in the dark for 30 min. An ad-
ditional washing was performed and the samples were
resuspended in 400 pL of ice-cold PBS + BSA (0.1%)
and kept in the dark until they were read in a FACS-
Calibur flow cytometer (Becton Dickinson Immunocy-
tometry Systems, San Diego, CA). The cytometer was
connected to a computer with the software CellQuest
(Becton Dickinson Immunocytometry Systems). The
cells labeled with CD14 and CH138 were analyzed by
fluorescence light (FL) 4, the bacteria stained with
PI by FL3 and the ROS production by FL1, 100,000
events were acquired from each tube (total events),
and the recorded data were analyzed using the soft-
ware Flow Jo version 7.6.1 for Windows (Tree Star
Inc., Ashland, OR).

Statistical analysis was performed using the statisti-
cal software GraphPad InStat version 3.01 (GraphPad
Software Inc., San Diego, CA). The normality of the
data distributions was assessed using the Anderson-
Darling test. The tests to assess the differences between
the data means were performed using ANOVA for the
data with a normal distribution or the Mann-Whitney
U test for the data without a normal distribution. The
differences were considered statistically significant
when their probability was <0.05.
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RESULTS AND DISCUSSION

The motivations for understanding the defense mech-
anisms of calves are numerous and usually centered on
the diversity of pathogens involved, the importance of
the influence of different environmental factors (Coel-
ho, 2009), the responsiveness to certain treatments,
and the dependence on an adequate transfer of passive
immunity (Koterba, 1993; Benesi, 1993; Feitosa, 2010).
However, those studies do not focus on age, which
can influence the functions of innate cells under basal
conditions (i.e., in healthy animals that have adequate
passive transfer).

The present study aimed to establish criteria for the
inclusion and exclusion of samples that would provide
reliable data on the immune system maturation with-
out the effect of such factors as diseases, management,
and individual characteristics. Thus, the assessment of
changes in the activity of blood phagocytes could be
performed following the longitudinal dynamics of the
most important aspects of calf innate immune defenses,
answering the question: does variation in the efficiency
of the innate immunity parameters of calves occur with
age during the first 3 mo of life?

A well-defined location for the distribution of the
blood cell populations may be visualized in cytograms
that divide the populations into granulocytes and
monocytes according to the size and complexity of the
leukocytes (Stieler et al., 2012; Figure 1). Immunophe-
notyping was performed based on that location using
the CD14 cell surface molecule (Figure 1A), which is
mainly expressed by monocyte-macrophage lineage
cells (Taraktsoglou et al., 2011; Machugh et al., 2012;
Hussen et al., 2013) in the monocyte cells gate, and
the cell surface molecule CH138 (Figure 1B), which
is expressed by the granulocytic cells of bovine blood
(Tizard, 2012) in the granulocyte gate. No noticeable
difference occurred in the percentage of those popula-
tions over time (Tables 1 and 2).

Phagocytosis is an innate immune defense mecha-
nism, which is defined by the activation of complex
signaling networks stimulated by contact with mi-
croorganisms (Perticarari et al., 1994; Underhill and
Ozinsky, 2002). Phagocytic cells play a key role in the
defense against infections, particularly bacterial infec-
tions. Phagocytosis and respiratory burst activity are
2 of the most important and essential functions of the
innate immune defenses for the elimination of invading
bacteria (Paape et al., 2003; Nauseef and Clark, 2015)
and were assessed using ROS production and S. aureus
and F. coli phagocytosis assays.

Escherichia coli and S. aureus labeled with PI ac-
quired from a noncommercial source were used in the
phagocytosis assay. Although this labeling method
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provides satisfactory results, the fluorescence intensity
may vary between different label batches (Raidal et
al., 1998), which was solved by labeling both bacteria
simultaneously using the same batch of label and the
same protocol.

An uninterrupted decrease in the percentage of S.
aureus phagocytosis by CD14+ mononuclear cells was
noted (Figure 1C). The percentage of cellular phago-
cytosis during the M1 age interval was higher than
that during M2, M4, M6, M7, and M8 (P = 0.0010).
The mean phagocytosis intensity values measured by
the mean fluorescence intensity (MFI) showed no
significant differences (P = 0.2174) among the age
intervals.

That same assessment was performed for CH138+
granulocytic blood cells and showed no difference among
the age intervals (P = 0.1421). However, in contrast
with the results for the CD14+ cells, the CH138+ cells
showed significantly different MFI for the S. aureus
conjugate (P = 0.0025); the cellular phagocytosis inten-
sity during M1 was higher than the intensities during
M5 and M8, and the phagocytosis intensity during M2
was also higher than that during M8. Such differences
were not observed for the other age intervals.

The results for S. aureus phagocytosis by CD14+ cells
showed lower phagocytosis percentages from the fourth
week until 90 d of age (M4 to M8). The large quantity
of immunoglobulins from colostrum accounts for the
immune system defense during the first month of life
(C. F. Batista, unpublished data). The percentage of
phagocytosis was high during the first 3 wk of life (M1
to M3). This result is explained by the colostral cyto-
kines, which, following absorption by the calf, migrate
to the circulation and stimulate immune cell activity in
all tissues (Ackermann et al., 2010). This phenomenon
was observed by Batista et al. (2012) when studying
these same functions in bronchoalveolar lavage cells of
similarly aged calves.

Initially, in the present study, the CD14+ cells of
the animals showed a reduced phagocytic capacity from
the fourth week of life, and the CH138+ cells showed
a reduction with increasing age. These patterns are
consistent with a decline in colostral immunity at ap-
proximately 2 mo of life (M7), when this immunity de-
creased and the intensity of phagocytosis by the CD14+
and CH138+ cells increased, showing a greater efficacy
by certain cells but not their maximum capacity. Such
results corroborate the claim by Cortese (2009), who
stressed that the maturation of the immune system of
cattle does not occur before the fifth month of life. At
this stage, the animals are able to respond to a patho-
gen, although the response is weaker, slower, and less
efficient than that of animals with a mature immune
system (Cortese, 2009).
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Figure 1. Examples of identification of the populations of calf blood phagocytes. Panel A indicates the cell selection in relation to leukocytes
(SSC-H = side scatter light; FSC-H = forward scatter light). (B) Graphical representation of the population of monocytic cells labeled with
CD14-allophycocyanin [APC; fluorescence light (FL) 4 emitted at a wavelength of 661 + 16 nm]. (C) Graphical representation of the population
of granulocytic cells labeled with CH138-APC (FL4 emitted at a wavelength of 661 £+ 16 nm). (D) Histogram of CD14+ cells that phagocytosed
Staphylococcus aureus + propidium iodide (FL3 emitted at a wavelength of 670 nm). (E) Histogram of CH138+ cells that produced dichlorofluo-
rescein (DCFH; FL1 emitted at a wavelength of 530 & 30 nm). (F) Histogram of CH138+ cells that phagocytosed Escherichia coli + propidium

iodide (FL3 emitted at a wavelength of 670 nm). Color version available online.
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Similar results were observed in the assays measur-
ing the phagocytosis of E. coli by the CD14+ and
CH138+ cells. The percentage of phagocytosis by the
CD14+ cells during M1 was higher than that during
M4, M5, M6, and M7. In turn, a higher percentage of
phagocytosis occurred during M3 than during M4 (P
= 0.0004), but no difference was observed for the other
age intervals. The mean phagocytosis values showed a
significant difference with age, with lower phagocytic
intensity during M3 than during M7 (P = 0.0202).

A greater percentage of phagocytosis by the CH138+
cells (Figure 1E) was observed during M1 than dur-
ing M5 and M8, and M2 showed a higher percentage
of phagocytosis than that occurring during M8 (P =
0.0025). Such differences were not observed between the
other age intervals, corroborating Menge et al. (1998),
who noted a greater capacity to phagocytose E. coli
in older animals. The mean values for the phagocytic
intensity (P = 0.1395) did not differ statistically among
the age intervals. Positive and strong correlations be-
tween the percentage of phagocytosis of S. aureus and
E. coli in both populations (Pearson r = 0.9226, P
= 0.0011 for the population of CD14+; Pearson r =
0.7079, P = 0.0495 for the population of CH138+) were
also observed, reiterating the reported results.

BATISTAETAL.

The DCFH-DA was used to assess the oxidative ac-
tivity of blood phagocytes. The fluorescence produced
by DCFH-DA is directly proportional to the oxidative
metabolic activity and is apparently mediated by HyO4
(Hirabayashi et al., 1985; Kobzik et al., 1990). Thus,
using flow cytometry, the DCFH-DA assay may enable
the quantification of oxidative activity (ROS produc-
tion) in individual cells by measuring the fluorescence
of each (Bass et al., 1983; Kobzik et al., 1990; Figure
1D).

We observed that a higher percentage of intracellular
ROS production by CD14+ monocytic cells occurred
during M2 than during M5 (P = 0.0221). However,
the fluorescence intensity showed no significant differ-
ence over time (P = 0.3520). Although no significant
difference was shown, the performance of monocytic
cells over time showed that the MFI values for ROS
production decreased until 30 d of age, increased at
approximately 45 d of age, and then sharply dropped
at 90 d of age, corroborating the results found for the
phagocytosis of S. aureus conjugated to PI.

The intracellular production of ROS by the CH138+
cells (P = 0.1859) showed no differences among the col-
lection times, and no difference was noted in the MFI.
However, both the production and the MFI decreased

Table 1. Percentage values (means + SE) for monocytic cells, frequency of CD14+ monocytic cells, intracellular reactive oxygen species
production (dichlorofluorescein; DCFH™) and Staphylococcus aureus and Escherichia coli phagocytosis and their respective mean fluorescence
intensities (MFI), expressed as arbitrary values in blood taken from healthy calves during the first 3 mo of life

CD14+
MFI MFI
Monocytes® Monocytes® DCFH™ MFIT S. aureus+" phagocytosis E. coli+" phagocytosis
Time' (%) (%) (%) DCFH (%) S. aureus (%) E. coli
M1 3.18" 67.80" 59.02" 228.55" 68.57" 153.33" 40.85" 28.44"
(40.84) (48.50) (47.29) (490. 31) (16.702 (£73.67) (48.26) (46.07)
M2 2.31" 56.60" 89.53" 201.29" 41.30 82.16" 14.16™ 23.36""
(40.43) (47.76) (+2.82) (466.23) (4+4.47) (4+21.91) (44.44) (48.16)
M3 2.96" 54.25" 80.97"" 190.61" 59.22% 44.68" 36.44" 18.61°"
(40.82) (4+9.53) (46.05) (469.37) (£7.18) (48.05) (10.20) (43.55)
M4 2.21° 43.04* 61.07" 101.64% 38.29" 78.97° 9.05™ 26.02"
(40.65) (49.48) (+11.55) (443.07) (4+5.91 (+28.72) (£3. 709 (+4.68)
M5 2.53" 64.57" 55.84" 131.29* 47.76™ 29.04° 11.51" 30.35"
(40.61) (46.98) (+7.84) (4+52.81) (£7.27) (45.65) (+4.28) (£10.32)
M6 2.19° 67.88" 75.01% 309.41° 38.97" 69.26" 10.14" 62.73"
(40.55) (45.54) (£7.62 (£101.67) (£7.46) (+18.27) (+4.39) (+10.07)
M7 3.36" 67.75" 64.77" 179.28" 34.69" 107.51* 10.36" 70.58"
(40.87) (+6.57) (£7.61 (4+67.63) (£6.10) (4+43.55) (46.19) (427.88)
M8 1.88" 65.19" 64.10™ 76.86" 34.32" 40.21* 14.54 39.64"
(40.41) (4+8.24) (4+8.03) (4+24.15) (45.04) (48.48) (43.36) (48.68)
P-value 0.7400 0.2977 0.0221 0.3520 0.0010 0.2174 0.0004 0.0202

*Different letters indicate significant differences between the experimental times (P < 0.05).
'First week of life (M1), 8 to 14 d old (M2), 15 to 22 d old (M3), 23 to 30 d old (M4), 31 to 40 d old (M5), 41 to 50 d old (M6), 51 to 60 d old

(MT7), and 90 d old (MS).

*The column labeled monocytes cells is the percentage of monocytes in the total population of blood leukocytes.

*CD14+/Monocytes = cells expressing CD14 in the total population of blood monocytes.
'CD144/DCFH" = cells expressing CD14 that produced reactive oxygen species.
’CD14+/S. aureus+ = cells expressing CD14 that phagocytosed S. aureus.

GCD14+/E. coli+ = cells expressing CD14 that phagocytosed E. coli.
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numerically, as reported by Menge et al. (1998), who
found a higher percentage of ROS production by neu-
trophils in newborn animals.

Tables 1 and 2 outline the mean percentages (4
standard errors) of the CD14+ monocytic cells and the
CH138+ granulocytic cells, respectively, from the blood
samples as well as their intracellular ROS production
percentage and fluorescence intensity values. These
cells phagocytosed S. aureus and E. coli stained with
PI, demonstrating that the reduction of innate immune
cell activity is apparently more pronounced between
40 and 50 d of age. Thus, stress factors such as trans-
port, vaccinations, dehorning, castration, and facility
changes should be avoided during that critical period of
immunity maturation (Nonnecke et al., 2009), because
stress is known to affect the innate and adaptive im-
mune responses in young and adult animals (Cortese,
2009).

However, it is exactly at this time that calves are
weaned when there is a greater dependence on the ac-
tive immune response. The weaning of dairy calves is
based on the ability to eat solid food, which occurs
at approximately 50 to 60 d of age. Researchers are
concerned with establishing methods to reduce wean-
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ing stress, although they fail to speculate on whether
the calves are immunologically immature at this time
(Bach et al., 2010; De Paula Vieira et al., 2010; Vasseur
et al., 2010).

CONCLUSIONS

Variation exists with age in the innate immune
function of healthy calves and there is apparently an
increased susceptibility to disease from 40 d of life, an
age at which fewer phagocytes are active, although
those that are active perform their role with greater
efficiency than is shown by the phagocytes present dur-
ing the first weeks of life. This pattern persists, albeit
less remarkably, until 90 d of age, when animals have
not yet attained the stability needed to complete the
maturation of the innate immune response.
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Table 2. Percentage values (means + SE) for granulocytic cells, frequency of CH138+ granulocytes, intracellular reactive oxygen species
production (dichlorofluorescein; DCFH™) and Staphylococcus aureus and Escherichia coli phagocytosis and their respective mean fluorescence
intensities (MFI), expressed as arbitrary values in blood taken from healthy calves during the first 3 mo of life

CH138+
MFI MFI
Granulocytes’  Granulocytes® DCFH™ MFI S. aureus+°  phagocytosis E. coli4° phagocytosis
Time' (%) (%) (%) DCFH (%) S. aureus (%) E. coli
M1 18.22" 85.85" 97.26" 1088.1* 94.07" 540.17" 57.54" 56.58"
(+4.83) (£6.80) (£0.96) (£280.61) (£2.37)  (£129.29) (£9.13)  (420.85)
M2 13.52% 69.15" 94.21° 656.64" 73.16" 485.03™ 47.77% 58.86"
(£2.49) (+£9.61) (£2.47) (£161.93) (£11.01) (£151.82) (£10,61) (£17.39)
M3 19.93" 78.88" 95.13" 584.92" 74.61" 142.43" 25.56™ 23.60"
(£2.71) (£7.53) (£2.28) (£129.21) (£6.99) (£41.93) (+£8.03) (£5.40)
M4 24.22* 85.60" 93.01" 688.00" 89.39" 311.74™ 35.36™ 25.69"
(£3.69) (+£4.28) (£3.75) (£137.22) (£2.36) (£95.94) (+£9,91) (£4.51)
M5 16.63" 84.98" 97.65" 822.68" 70.43" 75.653" 17.29" 37.82°
(£3.11) (+4.92) (£0.98) (£562.67) (+£8.32) (£20.29) (+£9.34) (£7.66)
M6 19.16" 80.14" 98.12° 662.31" 83.34" 338.47"" 27.39™ 63.15"
(£3.85) (£7.22) (£0.46) (£158.43) (£6.36) (£92.52) (£11.65)  (&11.50)
M7 19.40" 79.64" 79.86" 615.83" 69.94" 455.30™ 21.66™ 35.45"
(£3.12) (+£9.87) (£11.93) (£152.99) (£10.12) (£192.74) (+7.38) (£5.55)
M8 16.81" 85.98" 80.81" 498.75" 69.07" 169.76™ 5.70 36.16"
(+£2.83) (+3.66) (£11.58) (£140.06) (£8.39) (£48.30) (£1.70) (+£9.57)
P-value 0.5677 0.6973 0.1859 0.8263 0.1421 0.0273 0.0025 0.1395

*Different small letters indicate significant differences between the experimental times (P < 0.05).
'"First week of life (M1), 8 to 14 d old (M2), 15 to 22 d old (M3), 23 to 30 d old (M4), 31 to 40 d old (M5), 41 to 50 d old (M6), 51 to 60 d old

(M7), and 90 d old (M8).

*The column labeled granulocytes is the percentage of granulocytic cells in the total population of blood leukocytes.
*CH1384-/Granulocytes = cells expressing CH138 in the total population of blood granulocytes.

4CH138—0—/DCFH+ = cells expressing CH138 that produced ROS.

SCH138+/S. aureus+ = cells expressing CH138 that phagocytosed S. aureus.

GCH138+/ E. coli+ = cells expressing CH138 that phagocytosed E. coli.
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