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Effect of in-vitro heat stress challenge on
the function of blood mononuclear cells
from dairy cattle ranked as high, average
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Abstract

Background: The warming climate is causing livestock to experience heat stress at an increasing frequency.
Holstein cows are particularly susceptible to heat stress because of their high metabolic rate. Heat stress negatively
affects immune function, particularly with respect to the cell-mediated immune response, which leads to increased
susceptibility to disease. Cattle identified as having enhanced immune response have lower incidence of disease.
Therefore, the objective of this study was to evaluate the impact of in vitro heat challenge on blood mononuclear
cells from dairy cattle, that had previously been ranked for immune response, in terms of heat shock protein 70
concentration, nitric oxide production, and cell proliferation.

Results: Blood mononuclear cells from dairy cattle classified as high immune responders, based on their estimated
breeding values for antibody and cell-mediated responses, produced a significantly greater concentration of heat
shock protein 70 under most heat stress treatments compared to average and low responders, and greater cell-
proliferation across all treatments. Similarly, a trend was observed where high responders displayed greater nitric
oxide production compared to average and low responders across heat treatments.

Conclusion: Overall, these results suggest that blood mononuclear cells from high immune responder dairy cows
are more thermotolerant compared to average and low immune responders.

Keywords: Dairy cattle, Heat stress, Immune response, Heat shock protein 70 concentration, Cell proliferation, Nitric
oxide production

Background
Increases in greenhouse gases, over the years, are con-
tributing to climate change. This is because greenhouse
gases trap energy, that is emitted from the earth’s sur-
face, in the lower atmosphere therefore not allowing this
energy to be emitted back into space [1]. These trapped
greenhouse gases cause an overall increase in global

temperatures, termed global warming. Global warming
causes an increase in the overall number of hot days and
heat waves, and a decrease in the number of cooler days
or cooling at night [1]. Global warming directly impacts
livestock welfare by increasing incidence of heat stress.
Dairy cows have been identified as the livestock species
most sensitive to elevated temperatures and humidity
due to their high metabolic heat load [2] and therefore
are quite susceptible to heat stress.
Heat stress negatively affects the health, welfare, and

production of dairy cattle leading to increased disease
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incidence [3] and impairing immune function [4]. Stud-
ies have shown heat stress causes an increase in the inci-
dence of several different diseases in dairy cattle,
including metabolic disorders, as well as mastitis [5, 6].
Similarly, increased mortality in dairy cattle has also
been reported as a result of heat stress [7]. These health-
related issues could be due to the impaired immune
function observed in heat stressed dairy cattle. Heat
stress can impact both the innate and adaptive arms of
the immune system. One of the effects of heat stress on
the adaptive immune response is disruption of the bal-
ance between T-helper 1 (TH1) and T-helper 2 (TH2)
responses, causing a shift towards a TH2 response [4].
This bias can lead to impaired cell-mediated immune re-
sponse (CMIR). Similarly, heat stress in dairy cattle has
been shown to reduce lymphocyte proliferation [8, 9].
Lymphocytes, which include B and T-cells, rapidly pro-
liferate in response to invading pathogens in order to fa-
cilitate clearance. Accordingly, if lymphocyte
proliferation is reduced it is more difficult for cattle to
defend against invading pathogens.
Another important defence mechanism of the immune

system is the production of molecules that destroy or
damage pathogens. Nitric oxide is one such molecule
that plays a key role in defense against pathogens [10].
Additionally, nitric oxide has been identified as a mol-
ecule that also plays a role in thermotolerance. Studies
in ruminant species have shown nitric oxide production
as one of the key markers associated with thermotoler-
ance [11, 12]. This is likely because nitric oxide appears
to play a crucial role in the vasodilation of blood vessels
of the skin during heat stress [13] Therefore, not only
does nitric oxide play a role in protection against patho-
gens it may also play a significant role in protecting ru-
minants, like dairy cattle, against the negative impacts of
heat stress.
The primary cellular protection mechanism against

heat stress is the production of heat shock proteins
(HSP), with HSP70 being the most abundant HSP pro-
duced during the heat shock response. Even a slight in-
crease in core body temperature can cause misfolding of
cellular proteins leading to the disruption of cell organ-
elle organization and impaired intercellular transport
processes [14]. Ultimately if temperature can not be reg-
ulated and corrected the cell will die [14]. Therefore,
HSP expression increases during periods of elevated en-
vironmental temperatures [14]. Heat shock proteins pro-
tect cells from damage caused by heat stress. They assist
in repairing the cell and facilitate the re-folding of pro-
teins to return the cell to its original state [14–16].
Therefore, the production of HSP is critical for protec-
tion against cellular damage caused by heat stress.
Previous studies have shown the ability to identify and

selectively breed animals that have enhanced immune

response, based on estimated breeding values (EBVs)
[17, 18]. Dairy cattle identified as high immune re-
sponders based on their EBVs demonstrate several
health benefits; for example, studies in lactating dairy
cattle have shown cattle with enhanced antibody-
mediated immune response (AMIR) and/or enhanced
CMIR have reduced occurrence of a number of common
diseases including mastitis, ketosis, metritis, displaced
abomasum and retained fetal membrane [19–21]. Simi-
larly, calves identified as high antibody responders have
been shown to have reduced occurrence of diarrhoea
[22]. Not only do high immune responding cattle have a
reduced occurrence of disease, they are also more re-
sponsive to commercial vaccines compared to animals
classified as low immune responders [23]. More recently
it has also been shown that high immune response cattle
have better hoof health in terms of lower incidence of
digital dermatitis [24]. Additionally, high immune re-
sponder dams also provide benefits to their calves by
passing on their high immune response genetics and also
by providing colostrum that contains increased total
immunoglobulin-G and β-lactoglobulin [25].
To date the majority of these studies indicating the

benefits of being a high responder, have been conducted
in purebred Holstein cattle. However, previous work has
compared immune response traits between purebred
Holsteins and crossbred dairy cattle. For example, stud-
ies in calves indicated crossbred calves had significantly
greater antibody response and a trend towards greater
survival to first calving than purebred Holstein calves
[26]. Similarly, it was also observed that crossbred first
calf heifers had both significantly greater AMIR and
CMIR compared to purebred Holsteins [27]. Although
the results on immune response in other breeds com-
pared to Holsteins are encouraging, the Holstein breed
remains the dominant dairy breed due to its ability to
produce more milk than other dairy breeds. Therefore,
due to higher metabolic heat production, Holstein cattle
may be more prone to heat stress [28]. Since, health and
welfare benefits have been observed in high immune
responding Holstein cattle, a breed more prone to heat
stress than others, it would be worth evaluating blood
mononuclear cells (BMC) from immune-phenotyped
Holstein cattle for cellular responses and indicators of
thermotolerance. Therefore, the objective of this study
was to evaluate the effect of in-vitro heat challenge on
BMC of Holstein cows ranked as high, average, and low
immune responders, for HSP70 concentration, nitric
oxide production and cell proliferation.

Results
AMIR and CMIR
Over the last 5 years (2014–2019), 1056 Holstein dairy
cows from the University of Guelph Elora Research
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Dairy Herd have been evaluated based on EBVs for their
AMIR and CMIR phenotype. It was observed that a total
of 182 cattle were classified as high AMIR, 681 were
classified as average AMIR and 193 were classified as
low AMIR. Similarly, a total of 160 were classified as
high CMIR, 726 classified as average CMIR and 170
classified as low CMIR.
For the purposes of this study 15 animals were se-

lected from the high AMIR-high CMIR phenotype, 15
from the Low AMIR-Low CMIR phenotype and 15 from
the average AMIR- average CMIR phenotype. A total of
45 animals were selected to evaluate the effects of heat
stress on BMC function.

HSP70 concentration
Across treatments, high immune responders had a
significantly higher HSP70 concentration after Heat
Stress 1 (HS1, one heat challenge at 42 °C) (10.58 ng/
ml) compared to thermoneutral (TN) (9.53 ng/ml)
(p = 0.03), and a significantly lower HSP70 concentra-
tion 18-h post recovery after HS1 (8.83 ng/ml) com-
pared to HS1 (10.58 ng/ml) (p = 0.03). After the
second heat challenge (HS2, two subsequent heat
challenges at 42 °C), HSP70 concentration increased,
in cells from high immune responders, compared to
the HSP70 concentration after the 18-h recovery from
HS1, but not significantly. No significant differences
were observed for HSP70 concentration between heat
treatments for the average responders, except for 18-
h after HS2 (10.21 ng/ml), which was significantly
greater than at HS2 (9.06 ng/ml, p = 0.01) and 18-h
after HS1 (8.63 ng/ml, p = 0.03). Low immune re-
sponders had significantly greater HSP70 concentra-
tions at HS1 (9.85 ng/ml) compared to TN (8.46 ng/
ml, p = 0.006). However, HSP70 concentration de-
creased to its lowest concentration after HS2 (8.45 ng/
ml), with both HS1 (p = 0.02) and 18-h post HS1
(9.54 ng/ml, p = 0.03) having significantly greater
HSP70 concentration compared to HS2.
Results in Fig. 1 show a trend (p = 0.07) for BMC from

high responders to start (TN) with a higher HSP70 con-
centration compared to BMC from low responders. Cells
from high and low immune responders also had signifi-
cantly greater HSP70 concentrations compared to BMC
from average responders after the first heat challenge
(HS1). No significant differences were observed between
cells from all phenotypes 18-h after HS1. However, after
the second heat challenge (HS2) there was a trend (p =
0.06) for BMC from high responders to have greater
HSP70 concentration compared to BMC from low re-
sponders. Similarly, BMC from high responders had sig-
nificantly greater HSP70 concentrations 18-h after HS2
compared to BMC from low responders. Cells from
average responders trended towards greater HSP70

concentration compared to BMC from low responders
18-h after HS2.

Nitric oxide production
Significant differences in nitric oxide production be-
tween unstimulated and stimulated cells within each
treatment were observed (TN p = 0.007, HS1 p = 0.03,
HS2 p = 0.04). The general trend was for nitric oxide
production to decrease between each heat treatment,
with stimulated TN BMC producing significantly greater
nitric oxide than stimulated cells subjected to two heat
stress challenges (HS2, p = 0.009). Although not signifi-
cant, stimulated TN cells also produced more nitric
oxide than stimulated HS1 cells.
When comparing within phenotype across treatments,

the general observation was for BMC from high re-
sponders to decrease nitric oxide production between
treatments. Stimulated cells from high responders pro-
duced significantly more nitric oxide under TN condi-
tions than after HS2 (p = 0.03). Similarly, although not
significant, stimulated cells from high responders pro-
duced more nitric oxide under TN conditions than after
HS1. No significant differences were observed in nitric
oxide production across all heat treatments for stimu-
lated or unstimulated cells from average responders.
Similar to what was observed in cells from high re-
sponders, the general pattern was for cells from low re-
sponders to decrease nitric oxide production across all
heat treatments. In low responders a trend was observed
for stimulated TN cells to produce more nitric oxide

Fig. 1 The concentration of heat shock protein 70, by heat
treatment, for high, average and low immune responders. Cells were
subjected to various heat treatments and HSP70 concentration was
measured by ELISA. The data presented are least squared means +
standard error of the mean. High immune responders are
represented by the black bars, average immune responders by the
grey bars and low immune responders by the white bars. P-values
for significant effects or trends, between immune response
phenotypes within each treatment, are presented in the figure. If a
p-value is not present it indicates the effect is not significant. P-
values for significant effects or trends, across treaments for each
immune response phenotype, are presented in the results section
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than stimulated cells after HS2 (p = 0.09). Although not
significant, stimulated TN cells from low responders
produced more nitric oxide than stimulated HS1 cells.
Results shown in Fig. 2 indicate that BMC from high

immune responders produced a greater concentration of
nitric oxide across all treatments compared to cells from
average and low responders (p = 0.04). Similarly, stimu-
lated BMC from high responders produced significantly
greater (0 = 0.007) concentrations of nitric oxide under
TN conditions compared to TN stimulated cells from
average responders. There was a trend (p = 0.09) for cells
from high responders to produce greater concentrations
of nitric oxide when unstimulated in TN conditions
compared to unstimulated TN cells from average re-
sponders. No significant differences were observed
within other treatments between phenotypes.

Cell proliferation
The overall trend observed in cell proliferation assays
was for cells from high immune responders to increase
proliferation after each heat treatment. Results showed
significantly greater cell proliferation at HS1 (2.81, p =
0.04) and HS2 (3.24, p = 0.01) compared to TN (1.65).
Although not significant, cell proliferation increased
after HS2 compared to HS1. Conversely, the overall ob-
servation for cells from low responders was for cell pro-
liferation to decrease between heat stress treatments.
Cell proliferation at TN was significantly greater than
cell proliferation after HS2 (p = 0.001) for low re-
sponders and although not significant, cell proliferation
at TN was higher than cell proliferation after HS1. Simi-
larly, cell proliferation after HS1 was significantly greater
than cell proliferation after HS2 (p = 0.03) for low re-
sponders. No significant differences were observed for

cell proliferation between any of the heat treatments for
average responders.
Results in Fig. 3 indicate that BMC from high immune

responders trended (p = 0.08) towards greater cell prolif-
eration at TN compared to low responders. No signifi-
cant differences were observed for the TN treatment
between average and high, or between average and low
immune responders. It was observed that after the first
heat challenge (HS1), cells from high immune re-
sponders underwent significantly greater proliferation
compared to cells from both average (p = 0.04) and low
(p = 0.02) responders. However, no significant difference
was observed between average and low responders for
cell proliferation after one heat challenge (HS1). Simi-
larly, BMC from high responders displayed significantly
greater proliferation compared to cells from both aver-
age (p = 0.04) and low (p = 0.03) responders upon subse-
quent heat challenge (HS2). Average immune
responders also trended (p = 0.05) towards greater cell
proliferation compared to low responders after the sec-
ond heat challenge (HS2).

Discussion
Heat stress negatively impacts cells, including cells of
the immune system. Under heat stress cellular proteins
become denatured or misfolded which may effect cell
cycles, or create changes in cell structure, all of which
could eventually lead to cell death [29–31]. Heat stress
induces the rapid initiation of the heat shock response,
which involves increased expression of HSP, especially
HSP70 [15, 32, 33]. Results from the current study
showed that BMC from cattle identified as high immune
responders based on their AMIR and CMIR-EBVs pro-
duced significantly greater concentrations of HSP70 after

Fig. 2 The production of nitric oxide, by heat treatment for high,
average and low immune responders. Cells were subjected to
various heat treatments and nitric oxide production was measured
by Griess assay. The data presented are least squared means +
standard error of the mean. High immune responders are
represented by the black bars, average immune responders by the
grey bars and low immune responders by the white bars. P-values
for significant effects or trends are presented in the figure. If a p-
value is not present it indicates the effect is not significant

Fig. 3 The cell proliferation, by heat treatment, for high, average
and low immune responders. Cells were subjected to various heat
treatments and cell proliferation was measured by MTT assay. The
data presented are least squared means + standard error of the
mean. High immune responders are represented by the black bars,
average immune responders by the grey bars and low immune
responders by the white bars. P-values for significant effects or
trends are presented in the figure. If a p-value is not present it
indicates the effect is not significant
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on heat stress event (HS1) compared to TN. Studies
have shown HSP70 is produced in response to heat
stress and acts intracellularly in order to prevent the ac-
cumulation of mis-folded proteins or re-fold proteins
that have been denatured [34]. Therefore, the results de-
scribed here indicate that BMC from high immune re-
sponder Holstein cattle are able to effectively respond to
an initial in-vitro heat stress challenge by producing in-
creased HSP70 that could act to repair and protect cells
during heat stress. Additionally, BMC from high im-
mune responders produced significantly greater concen-
trations of HSP70 after HS1 compared to 18 h after HS1.
It has been reported that once heat stress has subsided
the production of HSP70 declines, with it being sug-
gested that this occurs by HSP70 binding to and degrad-
ing its own mRNA in an effort to stop transcription
[32]. These results suggest that by 18 h after HS1 BMC
from high immune responders were able to counteract
the impact of heat stress at the cellular level and return
HSP70 concentrations to similar concentrations ob-
served at TN.
Upon a secondary exposure to heat challenge although

HSP70 concentration did increase slightly in BMC from
high responders, significant differences compared to TN
were not observed until 18 h after HS2. It is possible that
multiple exposures to heat may have impacted the func-
tion of the cells resulting in delayed production of
HSP70 concentrations that are significantly different
than TN. As discussed previously, heat stress can cause
morphological changes and alterations in cell cycles
which can affect cellular function [30, 31]. The impact of
heat stress on cellular function may vary among cattle
depending on the level of thermotolerance [9].
Similar results regarding HSP70 production, to those

discussed of high immune responders, were also ob-
served in BMC from low immune responders. Cells from
low immune responders produced greater concentra-
tions of HSP70 after HS1 compared to at TN. However,
in contrast upon second exposure to heat challenge
(HS2) no significant difference was observed in BMC
from low responders for HSP70 production after HS2
and 18 h after HS2 compared to at TN. In fact, the
HSP70 concentration at HS2, in cells from low re-
sponders, was significantly less than the concentration
after HS1 and 18 h after HS1. These results may indicate
that upon initial exposure to a heat challenge low re-
sponders are able to effectively respond by producing
HSP70. However, upon multiple exposures to heat chal-
lenge the cells of low responders may become damaged
and possibly even start to die resulting in concentrations
of HSP70 similar to that observed under TN conditions.
Indeed, previous studies have shown a link between HSP
production and cell proliferation both in non-stress and
stress conditions [35]. This is supported by results from

cell proliferation experiments (discussed later) in low re-
sponders since it was observed that BMC from low re-
sponders displayed significantly reduced proliferation
after HS2 compared to HS1 and TN.
Conversely, no significant difference in HSP70 concen-

tration, for any of the heat challenge treatments com-
pared to TN, was observed for BMC from average
responders. These results were not expected, however
they do correspond to those for cell proliferation in cells
from average responders, where no difference was ob-
served between treatments. Therefore, the lack of a dif-
ference in HSP70 concentration between treatments, in
BMC from average cows, could in part explain why no
difference was observed in cell proliferation as well.
Additionally, heat stress can also impair the CMIR, by
shifting towards a TH2 response [4]. Therefore, it is pos-
sible that the average responders, sampled in this study,
had a shift more towards a TH2 biases resulting in im-
paired cellular responses.
Results comparing the concentration of HSP70 in

BMC from high, average and low responders, indicated
cells from that high immune responders produced sig-
nificantly greater concentrations of HSP70 compared to
cells from average immune responders after the first
heat challenge (HS1), and a trend towards greater
HSP70 production compared to low immune responders
after two heat challenges (HS2). These results suggest
that dairy cattle identified as high immune responders
have an enhanced ability to protect and repair cells dur-
ing both a single heat stress event and multiple heat
stress events, conditions similar to that of a heat wave
[34, 36, 37]. Additionally, elevated production of HSP70
from BMC of high immune responder dairy cows may
indicate that high immune responder cattle are more
thermotolerant than average and low herd mates. In-
deed, previous studies in cattle have shown an associ-
ation between increased expression of HSP70 and
improved thermotolerance [38]. Several genome-wide
association studies performed with thermotolerant cattle,
show various genes significantly associated with heat
shock protein and immune response [11, 28]. These
studies indicated that HSP70 and immune response
genes play key roles in thermotolerance in dairy cattle.
Therefore, this study may provide evidence that cattle
with enhanced immune response may be more thermo-
tolerant compared to their herd mates.
Nitric oxide synthesis is one such immune response

trait that has been identified as a mediator of thermotol-
erance in ruminant species [11]. Specifically, nitric oxide
is required to facilitate vasodilation of ruminant’s skin
during hyperthermia. In the current study it was ob-
served that BMC from high immune responder dairy
cows tended to produce more nitric oxide across all
treatments compared to average and low responders.
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This could indicate an enhanced ability, of high re-
sponders, to dissipate heat during heat stress compared
to average and low responder herd mates, potentially in-
dicating an improved ability to thermoregulate during a
heat event. Upon sensing increases in body temperature,
nitric oxide is produced by BMC. This activates cutane-
ous vasodilation, with enhanced production of nitric
oxide being essential for increased vasodilation of skin
during heat stress [12]. Vasodilation of skin is one mech-
anism ruminants use to dissipate heat during heat stress
[5]. Therefore, the higher production of nitric oxide in
cells from high responders provides evidence that high
responders may have greater vasodilation, compared to
average and low responders, potentially leading to im-
proved thermotolerance.
Not only is nitric oxide associated with thermoregula-

tion, it is also an important molecule produced in re-
sponse to pathogenic infections. Nitric oxide neutralizes
pathogens through oxidative damage. Oxidative stress al-
ters microbial DNA, inhibits enzyme function, and in-
duces lipid peroxidation [10], all mechanisms which
contribute to the elimination of a pathogen from its
host. Blood mononuclear cells from high immune re-
sponder cattle, stimulated by lipopolysaccharide (LPS)
produced more nitric oxide than cells from average and
low responders under all test conditions. This may indi-
cate that high immune responder cattle have a better
ability to defend against pathogens during heat stress
compared to average and low responding cattle.
Another negative impact of heat stress is decreased

lymphocyte proliferation [8] and impaired cellular func-
tion [9], factors which may impair the ability of the im-
mune system to respond to an invading pathogen by
reducing the magnitude of response generated to the
pathogen. Results from this study showed that BMC
from dairy cattle identified as high immune responders
underwent greater cell proliferation when stimulated
with the mitogen Concanavalin A (ConA) compared to
average and low responders after two heat treatments.
Greater cell proliferation after heat treatment provides
evidence that high immune responder cattle may have
an increased capacity to respond to infection during heat
stress, compared to average and low herd mates. Conse-
quently, high responders may experience lower inci-
dence of disease and mortality during times of heat
stress compared to average and low responders.
Overall, cell proliferation in high immune re-

sponders increased across treatments, whereas cell
proliferation remained the same for average cows, and
decreased for low responder cows. As mentioned pre-
viously heat stress is typically associated with reduced
lymphocyte proliferation. Additionally, when referring
to the stress response in general, acute stress typically
causes the immune system to be stimulated and

poised for response to pathogens, whereas chronic
stress typically leads to immune suppression and pro-
grammed cell death of immature lymphocytes [39].
Therefore, these results may indicate the in vitro heat
challenges imposed in this study resulted in an acute
stress for high responders and potentially average re-
sponders, however resulted in a more chronic stress
for low responders. As previously mentioned, other
studies showed the production of HSP being associ-
ated with cell proliferation, however the direction of
the effect can vary For example, some studies show
an association between increased cell proliferation
and production of HSP during certain conditions of
stress (likely acute stress), where it is suggested that
the increased production of HSP may be involved in
inhibiting the function of proteins that degrade
proliferative-specific proteins [35]. Additionally, other
studies indicated reduced cell proliferation has also
been associated with HSP production during heat
stress, which is likely the result of cell death due to
chronic stress conditions [40]. Based on the results of
this study from in vitro HSP70, nitric oxide produc-
tion and BMC proliferation assays, there is evidence
that BMC from high immune response Holstein dairy
cattle appear to have a better ability to tolerate ex-
posure to increased heat and respond better to heat
stress compared to BMC from low immune response
herd mates. To confirm the results of this study
in vivo studies evaluating similar traits could be per-
formed, where physiological parameters are measured
as well.

Conclusions
In conclusion results from this study provide evidence
that BMC from Canadian Holstein dairy cows identified
as having enhanced or high immune response based on
their AMIR and CMIR-EBVs may be more thermotoler-
ant compared to average and low immune responders.
This is based on the discovery that cells from high im-
mune responder cattle exhibited enhanced production of
HSP70, an important molecule for the protection of cells
during heat stress and one of the key molecules involved
in thermotolerance. Moreover, BMC from high immune
responders trended towards increased nitric oxide pro-
duction, another molecule identified as having a role in
thermotolerance. Additionally, it was observed that
BMC from high responders displayed increased prolifer-
ation, when stimulated by the mitogen ConA, and en-
hanced nitric oxide production, when stimulated with
LPS, following in vitro heat stress. Therefore, high im-
mune responder Holsteins, already reported to have en-
hanced resistance to disease, may also have improved
immunity during periods of heat stress. Selecting for ani-
mals with enhanced immune response genetics may
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improve overall resilience, not only by improving im-
munity, but by increasing resistance to heat stress and
improving thermotolerance.

Methods
Animals
The dairy cattle used in this study were housed at the
University of Guelph Elora Research Station. All cattle
were housed in the lactation wing of the barn, a large
free-stall area with sufficient bunk space for each animal.
Cattle are cared for by the staff at the research station,
with the facility being required to follow guidelines set
out by the University of Guelph Animal Care Commit-
tee. Additionally, all lactating cattle at this facility were
previously phenotyped for immune response. Cattle were
evaluated for immune response using a patented test
protocol described by Wagter et al. [23] and Hernandez
et al. [41] with some modifications as described here.
Briefly, blood samples were taken prior to immunization
on day 0 to assess baseline specific antibody. Cattle were
then immunized intramuscularly with type 1 and type 2
antigens (US Patent #7,258,858 [42];). On day 14, an-
other blood sample was taken to assess AMIR. A cutane-
ous delayed type hypersensitivity (DTH) test was also
initiated on day 14 to assess CMIR. To do this, initial
measurements were taken of the tail-fold thickness in
triplicate. A phosphate saline buffer (PBS) was injected
intra-dermally into the left tail fold as a control and the
type 1 test antigen was injected intra-dermally into the
right side. Twenty-four hours later final skin fold mea-
surements were taken to assess DTH as an indicator of
CMIR. The blood samples taken on day 0 and day 14
were spun at 700×g for 15 min and sera was obtained.
The sera were stored at − 20 °C until time of analysis.
Sera samples were used to evaluate specific antibody re-
sponse to the type-2 antigen by indirect enzyme-linked
immunosorbent assay (ELISA) that was previously devel-
oped in the lab [43]. The cellular response was deter-
mined by averaging the triplicate measurements taken
on day 14 and 15 for control and test sides. A ratio of
(test 24 – test 0)/ control 24 – control 0) was used to as-
sess CMIR. Pedigree information was obtained for all
animals (n = 1056) and EBVs were calculated for AMIR
and CMIR using ASREML, considering the effects of
age, pregnancy status, and year of testing. Cattle were
ranked as high for AMIR or CMIR if their EBV was one
standard deviation above the population mean and were
ranked as low if their EBV was one standard deviation
below the population mean. From the 1056 animals that
were ranked for immune response, a total of 45 lactating
Holsteins, of varying parity status, in all stages of lacta-
tion and pregnancy status, were selected for this study.
Of these 45 animals, 15 were ranked as high for AMIR
and CMIR, 15 ranked as average, and 15 ranked as low

for both traits (Sample calculation was done using one-
way ANOVA test in G*Power 3.1.9.7 [44], using α of
0.05, power of 0.95 and standard deviation and means
from previous unpublished data). Average AMIR average
CMIR phenotyped animals for this study had EBVs be-
tween − 0.2 and 0.2 to ensure the EBVs for the average
AMIR average CMIR animals were as close to zero as
possible. Since the objective of the study was to compare
BMC function, between high, average, and low immune
responders, after exposure to heat challenge no control
group of animals was used in this study. The 45 cattle
were bled in the winter months in order to avoid previ-
ous exposure to heat. Whole blood samples were ob-
tained via the tail vein from each animal. Animals were
bled in groups of 6, with 2 high, 2 average and 2 low be-
ing bled in each group. Groups were assigned at the out-
set of the study in order to keep the phenotype of each
animal anonymous during the data collection period. All
data collected on each animal in the study was used to
assess the function of BMC in high, average, and low im-
mune responders. Upon completion of the study, all ani-
mals were permitted to remain in the herd at the Elora
Dairy Research Station and are available for use in other
subsequent studies.

BMC isolation
Whole blood was centrifuged at 1200×g for 20 min with
the centrifuge break turned off. The buffy coat was iso-
lated and diluted in a 1:2 ratio with PBS. The buffy coat
PBS solution was then layered over histopaque (Sigma-
Aldrich, Oakville, ON.) in a 1:1 ratio. The histopaque
buffy coat solution over lay was then centrifuged at
1200×g for 10 min with the break off. The buffy coat
was isolated, and PBS was added to a total volume of 25
ml. The cell suspension was then centrifuged at 150×g
for 10 min with the brake on. The supernatant was dis-
carded, and the cell pellet was resuspended in 3 ml of
PBS. To lyse red blood cells, present in the cell pellet,
the cell pellet was resuspended in 1 ml of deionized
water (Thermo-Fisher Scientific, Ottawa, ON.) and PBS
was immediately added to a total volume of 25 ml. The
cell suspension was again centrifuged at 150×g for 10
min with the brake on. The supernatant was discarded,
and the cell pellet was resuspended in 3 ml of PBS. The
total number of cells per ml was determined using an
ORFLO cell counter (ORFLO Technologies, Ketchum,
ID). Cell viability was checked using trypan blue solution
(Sigma-Aldrich, Oakville, ON.) via hemocytometer
method.

Heat challenge
The heat challenge protocol conducted in this study was
done in order to mimic what might occur during a heat
wave. Viable cells were plated in the concentrations
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described below for each assay. All plates were placed in
a 37 °C incubator overnight (18 h). On the subsequent
day plates being exposed to heat challenge were re-
moved from the 37 °C incubator and placed in a 42 °C
incubator for 4 h (heat challenge 1(HS1) and then all
plates except HSP- HS1 were returned to the 37 °C incu-
bator after the first heat challenge was completed.
Supernatant and cells from HSP-TN (to represent nor-
mal environmental conditions; 22 h at 37 °C) and HSP-
HS1 (to represent the initial stages of a heat wave 18 h
at 37 °C + 4 h at 42 °C, 22 h total) plates were collected,
following the protocol described below, immediately fol-
lowing completion of HS1. The day following HS1 (the
first heat challenge), plates undergoing a second heat
challenge (in order to represent a full heat wave (HS2))
were removed from the 37 °C incubator and placed in a
42 °C incubator for 4 h. Additionally, 18 h HSP-HS1
plates (plates subjected to one heat challenge the previ-
ous day and to represent the brief recovery period for
HSP70 after the initial stage of a heat wave 18 h at
37 °C + 4 h at 42 °C + 18 h at 37 °C, 40 h total) were re-
moved from the 37 °C incubator, 18 h after the HS1 heat
challenge, and supernatant and cells were collected as
described below. After HS2 was completed all plates ex-
cept HSP-HS2 plates were removed and placed back in
the 37 °C incubator until time of analysis or sample col-
lection depending on the assay conducting. Supernatant
and cells were collected, as described below, from HSP-
HS2 plates (18 h at 37 °C + 4 h at 42 °C + 18 h 37 °C + 4 h
42 °C, 44 h total) immediately following the HS2 heat
challenge. Supernatant and cells from 18 h HSP-HS2
plates (plates that represent recovery period for HSP70

after full heat wave 18 h at 37 °C + 4 h at 42 °C + 18 h at
37 °C + 4 h at 42 °C + 18 h at 37 °C, 62 h total) were col-
lected, as described below, 18 h after the completion of
the HS2 heat challenge. Thermoneutral plates for nitric
oxide production and cell proliferation remained in the
37 °C incubator the entire duration of the heat challenge.
A summary of the heat challenge and incubation steps
for each assay is presented in Table 1.

HSP70 concentration
The cell suspension was diluted in prewarmed RPMI
media (Thermo-Fisher Scientific, Ottawa, ON.) contain-
ing 10% heat inactivated fetal bovine serum (Sigma Al-
drich, Oakville, ON.) and Penicillin-Streptomycin (Sigma
Aldrich, Oakville, ON) to a concentration of 1.0 × 106

cells/ml. Cells were then plated in three 1 ml replicates
in 24-well flat bottom cell culture plates (Sigma Aldrich,
Oakville, ON.) and placed in a 37 °C with 5% CO2 incu-
bator overnight. On the following day all plates except
for the TN plates were moved to an incubator that was
set at 42 °C with 5% CO2 for 4 h and then returned to
the 37 °C incubator as recommended in previous heat
stress studies [9, 45]. The cell culture supernatant and
the cells were collected from each well of the TN plates
and the plates that were subjected to one heat treatment
(HS1, 4-h heat challenge in 42 °C incubator). To collect
the cells and the supernatant, the cell supernatant was
collected from each well and the 3 wells for each cow
were pooled. Additionally, 200 μl of Trypsin, with a con-
centration of 5000mg/L, (Thermo-Fisher Scientific,
Ottawa, ON.) was added to each well and placed back in
the 37 °C incubator for 5 min to remove any cells that

Table 1 Summary of treatments for evaluating HSP70 concentration, nitric oxide production and cell proliferation

Heat
Treatment

Assay Type

HSP70 Production NO Production Cell Proliferation

TN (37 °C) Plate remains in 37 °C until immediately
after HS1 (22 h 37 °C) (collect @ same time
as HS1 plate)

Plate remain at 37 °C until 48 h after LPS
stimulation

Plate remain at 37 °C until 72 h after ConA
stimulation

HS1(1 ×
42 °C for 4
h)

All plates, but TN, removed from 37 °C after
overnight incubation and placed at 42 °C.
Samples collected immediately after 4 h 18 h
37 °C + 4 h 42 °C). Other plates returned to
37 °C

All plates, but TN removed from 37 °C after
overnight incubation and placed at 42 °C
for 4 h, then returned to 37 °C

All plates, but TN removed from 37 °C after
overnight incubation and placed at 42 °C for
4 h, then returned to 37 °C

18-h HS1 Plate removed from 37 °C 18 h after HS1
treatment and samples collected (18 h
37 °C + 4 h 42 °C + 18 h 37 °C)

Not applicable Not applicable

HS2(2 ×
42 °C for 4
h)

Remaining 2 plates removed from 37 °C and
placed at 42 °C. Samples collected from HS2
plate immediately after 4 h (18 h 37 °C + 4 h
42 °C + 18 h 37 °C + 4 h 42 °C). 18-h HS2
plate returned to 37 °C

Only HS2 plates removed from 37 °C,
following another overnight incubation,
and placed at 42 °C for 4 h. Then return to
37 °C until 48 h after LPS stimulation when
samples from all plates collected

Only HS2 plates removed from 37 °C,
following another overnight incubation, and
placed at 42 °C for 4 h. Then return to 37 °C
until 72 h after Con A stimulation when MTT
assay for all plates performed.

18-h HS2 Plate removed from 37 °C 18 h after HS2
treatment and samples collected (18 h
37 °C + 4 h 42 °C + 18 h 37 °C + 4 h 42 °C +
18 h 37 °C)

Not applicable Not applicable
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were stuck to the plate. The Trypsin suspension for each
animal was added to the pooled cell culture supernatant
and the whole suspension was centrifuged at 2500×g for
10 min at 4 °C. The supernatant was discarded, and cells
were lysed using a combination of Halt protease inhibi-
tor (Sigma Aldrich, Oakville, ON.) at a concentration of
10 μl/ml and M-PER Mammalian Protein Extraction Re-
agent (Thermo-Fisher Scientific, Ottawa, ON.). In order
to remove cell debris, the lysed cell suspension was cen-
trifuged at 2500×g for 30 min at 4 °C. The liquid portion
containing the protein was then aliquoted and stored at
− 80 °C until time of analysis. Eighteen hours after the
HS1 treatment, cells were obtained and processed simi-
larly to what was described above, in order to assess re-
covery HSP70 concentration after one heat challenge
(18 h HS1). The remaining plates were again placed into
the 42 °C incubator for 4 h to assess HSP70 concentra-
tion after 2 heat challenges on subsequent days (HS2).
This is to mimic diurnal and cooler nocturnal heat pat-
terns. Cells from the one plate were obtained and proc-
essed as described above, whereas the other plate was
placed back in the 37 °C incubator overnight. Eighteen
hours following the HS2 treatment cells were obtained
and processed from the final plate, as described above,
in order to assess recovery HSP70 concentration after
two subsequent heat challenges (18 h HS2). All the sam-
ples were assessed for HSP70 concentration using a
commercial bovine HSP70 ELISA kit (Abclonal, Wo-
burn, MA) following manufactures instructions. Extra
protein fraction was obtained from one of the animals
and used on all ELISA plates as an internal control to
ensure concentrations could be compared across all
plates.

Nitric oxide production
The cell suspension was diluted to a concentration of
1.0 × 106 cells/ml in Gibco serum free cell-culture media
(Thermo-Fisher Scientific, Ottawa, ON.) containing so-
dium pyruvate (Thermo-Fisher Scientific, Ottawa, ON.)
and MEM amino acids solution (Thermo-Fisher Scien-
tific, Ottawa, ON.). The cells were plated in six 1 ml rep-
licates per animal on 24 well cell culture plates (Sigma-
Aldrich, Oakville, ON.) and placed in a 37 °C incubator
overnight. The following day LPS, from Escherichia coli
O127:B8 (Sigma-Aldrich, Oakville, ON), was added to 3
of the replicates from each animal in a concentration of
5 μg/ml. The cells were exposed to LPS in order to ob-
serve the effects of pathogen exposure during heat stress.
The TN treatment plates were returned to the 37 °C in-
cubator whereas the HS1 and HS2 plates were trans-
ferred to a 42 °C incubator for 4 h. After the 4-h heat
treatment all plates were returned to a 37 °C incubator.
The following day the HS2 plates were again transferred
to a 42 °C incubator for 4 h and then returned to a 37 °C

incubator. All plates remained in a 37 °C incubator until
48 h after stimulation with LPS. At this time all plates
were removed from the incubator and the culture super-
natant was collected from all wells. The replicates of ei-
ther stimulated or unstimulated cells from each animal
were pooled within their respective treatments and sam-
ples were stored at − 80 °C until time of analysis. Nitric
oxide production was determined by Griess Assay (Pro-
mega, Madison, WI) following the manufacture’s in-
structions. Nitric Oxide production was determined
using a standard curve following instructions provided
by the manufacturer.

Cell proliferation
The cell suspension was diluted in RPMI media
(Thermo-Fisher Scientific, Ottawa, ON.) containing fetal
bovine serum (Sigma Aldrich, Oakville, ON) and
Penicillin-Streptomycin (Sigma Aldrich, Oakville, ON)
to concentration of 5.0 × 105 cells/well. Cells were plated
in 96-well flat bottom culture plate (Sigma Aldrich, Oak-
ville, ON) in six 100 μl replicates. Six replicates of cul-
ture media were also added to each plate as a control.
All plates were placed in a 37 °C incubator overnight.
The following day ConA (Sigma Aldrich, Oakville, ON)
was added in a concentration of 5 μg/ml to 3 of the 6
replicates for each animal on all plates. Two of the plates
were then transferred to a 42 °C incubator for 4 h and
the remaining plate was returned to the 37 °C incubator
for the TN treatment. After the 4-h heat treatment the 2
plates were returned to the 37 °C incubator. The follow-
ing day, one of the plates that was subjected to HS1 on
the previous day was placed back in the 42 °C incubator
for 4 h, for the HS2 treatment, and then placed back in
the 37 °C incubator. All plates remained in the 37 °C in-
cubator until 72 h after ConA stimulation. At this time
cell proliferation was evaluated for all treatments using
the MTT assay (Sigma Aldrich, Oakville, ON.) following
the manufacturer’s instructions with minor modifica-
tions. After MTT solution was added and the cells were
incubated for 3 h at 37 °C, plates were centrifuged at
600×g for 5 min. Culture supernatant was then discarded
and MTT solvent was added to wells. Plates were placed
on a gyratory shaker for 10 mins and read at a wave-
length of 570 nm. All replicates for each animal were av-
eraged with the coefficient of variation for each sample
being 10% or less. Cell proliferation was determined by
calculating the ratio based on the following formula:
(simulated cells − culture media) / (unstimulated cells −
culture media).

Statistical analysis
Data from all assays were checked for normality using
the Shapiro-Wilks test in R 3.6 (R Core Team 2019).
Any raw data that were not normally distributed were
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log transformed and re-checked for normality using the
Shapiro-Wilks test. All data were analyzed using general
linear models in R 3.6 [46].
To assess differences across treatments within each

assay the following model was used:

yijklm ¼ μþ li þ s j þ pk þ il þ tm þ eijklm

where yijklm = the results from particular assay (i.e. cell
proliferation, nitric oxide production, HSP70 concentra-
tion), μ = overall mean, li = effect of lactation number
(lactation 1, 2, 3 and ≥ 4), sj = effect of stage of lactation
(1 = 1–100 days in milk (DIM), 2 = 101–200 DIM, 3 =
201–305 DIM), pk = effect of pregnancy status (0 = not
pregnant, 1 = 1–100, 2 = 101–200, 3= > 200 days in calf),
il = effect of immune response phenotype (high, average
or low), tm = the effect of heat treatment (TN, HS1 or
HS2 for cell proliferation and nitric oxide and TN, HS1,
18 h HS1, HS2, 18 h HS2 for HSP70 concentration) and
eijklm = residual error.
The following model was used to assess differences be-

tween phenotype for each assay, within each heat
treatment:

yijkl ¼ μþ li þ s j þ pk þ il þ eijkl

where yijkl = the particular heat treatment within each
assay (i.e. TN, HS1 or HS2 for cell proliferation and ni-
tric oxide and TN, HS1, 18 h HS1, HS2, 18 h HS2 for
HSP70 concentration), μ = overall mean, li = effect of lac-
tation number (lactation 1, 2, 3 and ≥ 4), sj = effect of
stage of lactation (1 = 1–100 days in milk (DIM), 2 =
101–200 DIM, 3 = 201–305 DIM), pk = effect of preg-
nancy status (0 = not pregnant, 1 = 1–100, 2 = 101–200,
3= > 200 days in calf), il = effect of immune response
phenotype (high, average or low) and eijkl = residual
error.
All results are presented as least squared means of un-

transformed data; however, p-values are based on nor-
malized data. Significance is reported at P < 0.05,
whereas trends are reported at P < 0.10.
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