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ABSTRACT

Heat stress implies unfavorable effects on primary and
functional traits in dairy cattle and, in consequence, on
the profitability of the whole production system. The
increasing number of days with extreme hot tempera-
tures suggests that it is imperative to detect the heat
stress status of animals based on adequate measures.
However, confirming the heat stress status of an in-
dividual is still challenging, and, in consequence, the
identification of novel heat stress biomarkers, including
molecular biomarkers, remains a very relevant issue.
Currently, it is known that heat stress seems to have
unfavorable effects on immune system mechanisms,
but this information is of limited use in the context
of heat stress phenotyping. In addition, there is a lack
of knowledge addressing the molecular mechanisms
linking the relevant genes to the observed phenotype.
In this review, we explored the potential molecular
mechanisms explaining how heat stress affects the im-
mune system and, therefore, increases the occurrence
of immune-related diseases in cattle. In this regard, 2
relatively opposite hypotheses are under focus: the im-
munosuppressive action of cortisol, and the proinflam-
matory effect of heat stress. In both hypotheses, the
modulation of the immune response during heat stress
is highlighted. Moreover, it is possible to link candidate
genes to these potential mechanisms. In this context,
immune markers are very valuable indicators for the
detection of heat stress in dairy cattle, broadening the
portfolio of potential biomarkers for heat stress.
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INTRODUCTION

Heat stress (HS) appears when heat gain is greater
than heat loss, inducing a loss of homeostasis and an in-
crease in body temperature (Dikmen and Hansen, 2009;
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Herbut et al., 2018; Most and Yates, 2021). In causal-
ity, these changes trigger various animal responses, in-
cluding behavioral, physiological, neuroendocrine, and
molecular changes (Collier and Gebremedhin, 2015;
Mishra, 2021). Heat stress especially impairs cows with
high genetic merit for production traits (Nguyen et al.,
2016). This may be linked to the fact that individuals
who produce milk in large quantities have also a high
metabolic heat production. Thus, Kadzere et al. (2002)
indicated an air temperature of 25 to 26°C for HS in
dairy cows. The temperature-humidity index (THI)
combines both important environmental descriptors air
temperature and humidity and is commonly used to de-
fine a threshold to determine the onset of HS (Halli et
al., 2021). However, the environmental descriptor THI
does not consider interindividual variability, indicating
the need for additional HS markers to confirm the HS
status of a given animal. Immune markers seem to be
promising indicators in this regard. Indeed, HS implies
unfavorable effects on the immune system, inducing a
greater susceptibility to infectious diseases such as mas-
titis and metritis in cattle (Lacetera, 2018; Dahl et al.,
2020). Also genetically, a higher level of somatic cells,
indicating impaired udder health, has been associated
with increased susceptibility to HS (Hammami et al.,
2015). Moreover, animals classified as “high immune
responders” (based on estimated breeding values for
antibody and cell-mediated immune response) showed
improved tolerance to HS compared with the responses
of the control group [e.g., higher expression of heat
shock proteins (HSP) and greater cell proliferation;
Cartwright et al., 2021], highlighting the influence of
thermotolerance on immune components. Currently,
this knowledge is not considered when developing HS
indicators, and the molecular mechanisms linking HS
to immune-related diseases are rarely discussed. How-
ever, deep phenotyping strategies based on a better
understanding of how HS affects immune response will
contribute to the identification and use of novel poten-
tial HS biomarkers.

Consequently, this review focuses on the effects of
HS on immune responses, specifically describing the
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mechanisms associating body temperatures, cortisol se-
cretion, and the different immune response mechanisms
observed in cattle. Additionally, we study the potential
candidate genes (i.e., genes that have been detected
based on GWAS in HS experiments) in the context of
impaired immunity. Finally, we suggest some potential
immune-related biomarkers for HS detection and for
the discrimination of thermotolerant and thermosensi-
tive animals.

LINKS BETWEEN HEAT STRESS, CORTISOL,
AND IMPAIRED IMMUNITY

From Heat Stress to Cortisol Secretion

When reporting studies about the link between
cortisol secretion and HS, it is important to note that
cortisol levels are potentially evolving during the day.
Glucocorticoid secretion follows a circadian rhythm,
and, thus, cortisol secretion is variable depending on
the period of the day. In mammals, cortisol levels
increase in the morning and decrease in the evening
(Chung et al., 2011). This pattern has been detected in
lactating cows with a maximal peripheral blood cortisol
level at around 0530 h and a minimal level at around
1800 h (Lefcourt et al., 1993). On top of this rhythm,
cortisol secretion is triggered under stress, implying
increased levels also due to HS. Specifically, during HS,
the amount of cortisol reaches a plateau, and, after-
ward, cortisol levels decline with prolonged HS (Mishra,
2021). In this first section of this review, we address the
assumption that the amount and duration of cortisol
secretion during an HS event are sufficient to trigger
the described responses. However, this hypothesis will
be challenged in the following sections.

Cortisol secretion is accompanied by secretion of
catecholamine, among other hormones. Indeed, HS
also triggers the sympathetic-adreno-medullar axis
(Mishra, 2021). Carroll and Forsberg (2007) reported
that catecholamines stimulate cortisol secretions and
act directly on immune cells functions. However, their
action on the immune system (anti- or proinflamma-
tory effect) is controversial in humans and in cattle
(Bagath et al., 2019; Kruk et al., 2020). Similarly, es-
trogens and thyroid hormone secretions were reduced
during HS (Mishra, 2021). These hormones are known
to be able to influence immune function (Singh et al.,
2008; Bagath et al., 2019).

Hypothalamic-Pituitary-Adrenal Axis

During HS, one of the axes triggered is the hypotha-
lamic-pituitary-adrenal axis, which stimulates cortisol
secretion in the bloodstream (Bagath et al., 2019;
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Mishra, 2021). Indeed, during HS, the paraventricular
nucleus of the hypothalamus produces corticotropin-re-
leasing hormone (Mishra, 2021). This hormone binds to
the corticotropin-releasing hormone receptors expressed
on the surface of anterior pituitary cells, triggering exo-
cytosis of the adrenocorticotropic hormone (ACTH)
stored in secretory vesicles (Stevens and White, 2010).
The ACTH enters the adrenal gland through the blood-
stream and causes the activation of the steroidogenic
acute regulatory protein. This protein allows transport
of cholesterol to the mitochondrial matrix to achieve
the first rate-limiting step of cortisol synthesis (Gill,
1972; Arlt and Stewart, 2005; Galac et al., 2010; Feher,
2012).

Once released into the bloodstream, cortisol is able
to passively cross the plasma membrane of target cells.
A cortisol receptor, the glucocorticoid receptor (GR),
is located in the cytoplasm, where it is sequestered by
several proteins including HSP90. The binding of corti-
sol to the GR causes its dissociation from this protein
complex and its translocation to the nucleus. The GR
can then bind to the glucocorticoid response element
regions of the promoter of the target genes. The GR-
cortisol complex is also able to modulate the function
of other transcription factors by interacting directly
with them (Nicolaides et al., 2020).

In cattle, increases of blood cortisol and of milk
cortisol have been identified during HS (Chen et al.,
2018). Rees et al. (2016) detected an increase of fecal
11,17-dioxoandrostane from 8 to 16 h after the begin-
ning of HS exposure. Indeed, cortisol degradation in the
liver generates metabolites in the bile. In the ongoing
process, the microbiota of the gut is able to convert
these metabolites into 11,17-dioxoandrostane (Mdstl et
al., 2002).

From Cortisol Secretion to Impaired
Immune Response

Among the target cells of cortisol are the immune
cells. This section focuses on the effects of HS on dif-
ferent immune cell functions. Afterward, we will extend
the aspects of HS and cortisol secretion, possibly induc-
ing immunosuppression in cattle.

Neutrophils. Neutrophils are among the first-line
defenders against pathogens. They act directly at the
site of infection by various mechanisms such as phago-
cytosis and production of the neutrophil extracellular
trap (Ohms et al., 2020). To reach the site of infection,
neutrophils adhere to and pass through blood vessels.
In the process of adherence to endothelial cells, neutro-
phils use a series of surface proteins (Ley, 2002). The
neutrophils then travel to the site of infection by che-
motaxis (Widdison and Coffey, 2011; Petri and Sanz,
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2018). Generally, the binding of these molecules with
their receptors leads to the activation of several path-
ways, including the mitogen-activated protein kinase
(MAPK) pathways (Petri and Sanz, 2018). Once in
proximity to pathogens, neutrophils are activated via
their toll-like receptors (TLR), which trigger a signal-
ing cascade dependent on the MAPK/ERK pathway.
This activation allows neutrophils to carry out their
antimicrobial activity (Ronchetti et al., 2018) and is
characterized by the production of myeloperoxidase
(MPO; Lau et al., 2005).

In lactating cattle, it has been shown that neutrophils
exhibit decreased phagocytic activity during hot and
humid seasons (Dahl et al., 2020; Tejaswi et al., 2020).
Some in vitro studies have also showed a decrease in the
number of neutrophils during HS, possibly following an
increase in apoptosis (Lecchi et al., 2016; Catozzi et
al., 2020). However, other studies have indicated an in-
crease in neutrophil count during the summer (Bagath
et al., 2019). An increase in the expression of adhesion
proteins such as CD11b and CD44 has also been found
in Indian native cattle commonly called zebu (i.e., Bos
indicus) breeds, indicating an increase of their adhesive
ability (Alhussien and Dang, 2018). Regarding these
studies in cattle, HS unfavorably affected the activity
of neutrophils. However, no consensus exists regarding
how heat affects the neutrophil count. These differences
could be due to the breed. In this regard, we could hy-
pothesize that an increase of neutrophils with increas-
ing HS appears in zebu breeds. Similarly, the increase
of adhesion molecules expression appearing in zebu
breeds, which are adapted to hot and humid climates,
might mitigate the negative effects of HS on immunity.

The hypothalamic-pituitary-adrenal axis appears to
be involved in linking HS to a functional change in neu-
trophils. Indeed, Salak-Johnson and McGlone (2007)
showed that the injection of ACTH in a Japanese cattle
breed impairs neutrophil functions. Moreover, the
glucocorticoid-induced leucine zipper (GILZ) protein,
whose expression is induced by glucocorticoids, can
inhibit the MAPK pathway and, thus, block the activa-
tion of neutrophils (Ronchetti et al., 2018; Ricci et al.,
2019). Regarding neutrophil count, cortisol might have
a proapoptotic effect on neutrophils (Lecchi et al., 2016;
Catozzi et al., 2020), but glucocorticoids also stimulate
the mobilization of neutrophils from the bone marrow.
This effect of cortisol on neutrophil mobilization ap-
pears to depend on the expression of L-selectin. This
protein is known as a factor in the retention of neutro-
phils in the bone marrow (Furze and Rankin, 2008).
In cattle, Burton et al. (1995) showed that neutrophils
generated after the injection of cortisol downregulate
L-selectin. This effect might be due to the upregulation
of annexin Al, a protein whose expression is induced
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by glucocorticoids and which leads to a reduction in
the expression of L-selectin (Feher, 2012; Ronchetti et
al., 2018). Hence, an increase in cortisol concentration
implies an increased number of neutrophils via their
mobilization from the bone marrow. However, glucocor-
ticoids could stimulate a decline in the number of neu-
trophils via apoptosis. Concerning adhesion, Burton et
al. (1995) observed a downregulation of CD18 following
the exposition of bovine cells to cortisol. CD18 together
with CD11b form the Mac-1 adhesion molecule, which
is downregulated in the presence of glucocorticoids. In
this way, these results contrast with upregulate CD11b
in zebu breeds (Alhussien and Dang, 2018). However,
the downregulation of L-selectin in the presence of
cortisol might contribute to impaired adhesion (Ron-
chetti et al., 2018). Identified differences in this regard
might be attributable to the breed effect. Finally, glu-
cocorticoids inhibit the production of proinflammatory
cytokines such as tumor necrosis factor-a (TNF-a) in
neutrophils (Hirsch et al., 2012). Considering all these
different studies, cortisol regulates the neutrophil count,
probably because of a balance between bone marrow
recruitment and apoptosis. It is probably dependent on
the produced cortisol level, whereas a higher concentra-
tion could promote apoptosis. Indeed, zebu breeds seem
to have higher neutrophil counts, and zebu crossbred
cattle produce less cortisol than purebred non-zebu
cattle (Tejaswi et al., 2020). In all cases, cortisol was
able to reduce the neutrophil activity and could be the
cause for the activity decline observed during HS.
Macrophages and Monocytes. Macrophages
exhibit a wide variety of phenotypes in vivo. This
panel of phenotypes consists of 2 extremes, M1 and
M2 macrophages. The M1 macrophages are associated
with the initiation of inflammation and eradication
of pathogens, and M2 macrophages are associated
with the inhibition of inflammation and prevention of
damage (Maciuszek et al., 2020). The polarization of
macrophages in M1 is initiated, among other sources,
by LPS of bacterial origins. In this regard, LPS bind
on the surface of macrophages and activate the TLR4
to trigger a signaling cascade dependent on p50/p65
NFkB. This cascade induces the transcription of genes
encoding proteins involved in the antimicrobial activity
of macrophages such as the inducible nitric oxide syn-
thase and cytokines such as TNF-a. TNF-« also trig-
gers a signaling cascade dependent on c-Jun N-terminal
kinase (JNK) by binding to the TNFR1 receptor that
activates proinflammatory genes similarly to p50/p65
NFkB. Recognition of LPS also leads to the production
of interferon-3 (IFN-B3), which binds to the surface
of macrophages and triggers the phosphorylation of
(JAK)-signal transducers and activators of transcrip-
tion 1 (STAT1) and STAT2. Conversely, the binding of
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IL-4 and IL-13 on their receptors triggers polarization
in M2 macrophages. This results in phosphorylation of
STATG6, which induces the transcription of genes associ-
ated with the M2 phenotype, such as ARGI (Tugal et
al., 2013). However, in ruminants, it is A RG2 transcrip-
tion that is activated rather than ARGI (Young et al.,
2018).

In cattle, Catozzi et al. (2020) showed in vitro that
monocytes and macrophages subjected to HS overex-
press proapoptotic markers such as caspase 3 (CASP3),
B-cell lymphoma 2 (BCL-2) and BCL-2 antagonist/
killer (BAK). Similar observations have been made
based on peripheral blood mononuclear cells (PBMC:;
Lacetera et al., 2006; Catozzi et al., 2020) and neutro-
phils (Lecchi et al., 2016; Catozzi et al., 2020), indicat-
ing that disease susceptibility development during HS
is due to decreased viability of immune cells. However,
the in vitro study has also shown that HS induces up-
regulation of STAT6 and downregulation of STAT1 and
STAT2. Such an expression profile is associated with an
M2 phenotype (Catozzi et al., 2020). In this way, HS
seems to reduce the number of macrophages but also
affects their polarization.

Even if these experiments have been performed in
vitro, cortisol is an inhibitor of inflammation and could
accentuate the above-mentioned effects. Indeed, at the
macrophage level, genes involved in M1 polarization
such as STATI1 are downregulated in the presence of
cortisol in vitro. Billing et al. (2011) showed that cortisol
impairs antigen presentation by the downregulation of
chaperones, including HSP90A. In general, after bind-
ing to its receptor, cortisol is capable of sequestering
the p65 subunit of NFkB and inducing the expression
of Ik B, an inactivator of NFkB (Feher, 2012; Nicolaides
et al., 2020). GILZ, whose expression is controlled by
the GR, is also capable of inhibiting NFkB in macro-
phages (Cannarile et al., 2019). In addition, cortisol
is able to induce the expression of proapoptotic genes
and to repress antiapoptotic genes encoding proteins
of the BCL-2 family (Schmidt et al., 2004). However,
apoptosis induced by glucocorticoids such as cortisol
mainly affects T and B lymphocytes, but macrophages
are quite resistant (Diaz-Jimenez et al., 2021). Hence,
during HS, cortisol could be involved in macrophages
M2 polarization, but it is probably not the only cause
for macrophage apoptosis.

Cytotoxic T-Cells. Activation of cytotoxic T-cells
occurs through binding of the T-cell receptor (TCR)
to MHC class I expressed on the surface of most nucle-
ated cells. These cells present a specific peptide as well
as a specific costimulatory signal (Uzhachenko and
Shanker, 2019). The interaction of TCR with MHC
activates tyrosine kinases such as FYN proto-oncogene
(FYN) and the lymphocyte-specific protein tyrosine
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kinase (LCK), which triggers the activation of a series
of signaling pathways. Among these are the MAPK and
NFkB pathways (Krawczyk and Penninger, 2014).

In cattle, several studies have been performed to
assess the effect of HS on lymphocyte proliferation.
However, the results vary widely from study to study.
Most studies indicated a declining number of lympho-
cytes during HS, but others indicated an increase or
stagnation (Elvinger et al., 1991; Lacetera et al., 2006;
Pandey et al., 2017; Bagath et al., 2019). However,
the increases in number of lymphocytes or stagnations
were reported for breeds located in South Asia. More
recently, Tejaswi et al. (2020) identified a decrease in
lymphocyte proliferation during the summer in cross-
breeds but not in native breeds from Pakistan. The
same authors also noticed differences in cortisol levels
between crossbreeds and native breeds. Once again,
HS responses differed between breeds, probably due to
the lower cortisol secretions during HS in breeds more
adapted to heat.

Glucocorticoids modulate T-cell activation by inter-
acting directly with the NFxkB transcription factors, as
well as by reducing the activity of FYN and LCK. This
effect is intensified by GILZ, which is also able to in-
hibit NFkB. Moreover, GILZ impairs MAPK pathways
(Cannarile et al., 2019). In this way, glucocorticoids af-
fect the proliferation of T-cells (Lowenberg et al., 2007;
Cain and Cidlowski, 2017). However, some studies on
PBMC that focus principally on T lymphocytes were
performed in vitro, and HS was simulated by incubating
the cells at a higher temperature (Elvinger et al., 1991;
Lacetera et al., 2006). In such designs, the effect of cor-
tisol on immune cells was not considered. However, it
is known that increasing incubation temperature leads
to increased synthesis of HSP (Guerriero and Raynes,
1990). In addition, the expression of HSP such as HSP70
and HSPI0 (as shown in PBMC) was increased in heat-
stressed calves (Kim et al., 2020a). These proteins are
chaperones, which have a protective role against cellu-
lar stresses mainly by maintaining protein folding. The
expression of HSP is induced during stress via the heat
shock transcription factor 1 (HSF1). Glucocorticoids
can modulate HSP expression by binding, for instance,
HSP70 and HSP90 to their receptors (Collier et al.,
2008). In T-cells, the effect of HSP70 activation is
controversial due to the potential use of contaminated
recombinant proteins, but it appears that HSP70 nega-
tively affects the responses of T-cells to various stimuli
(Stocki et al., 2012). Recently, Gregg (2021) showed
HSP70 interference with NFkB-dependent signaling.
However, PBMC from cattle classified as high immune
responders present greater concentrations of HSP and
greater cell proliferation under HS compared with the
control group (Cartwright et al., 2021). In summary,
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HS seems to reduce T-cell proliferation and activity.
The HSP may be involved in this reduction, but their
effect on T-cells is not yet fully resolved. Due to their
chaperone function, HSP also promote cell survival,
which could explain the increased expressions in high
immune responders.

Helper T-Cells. Activation of helper T-cells is simi-
lar to that of cytotoxic T-cells except that the TCR in-
teracts with the MHC class IT expressed on the surface
of antigen-presenting cells. Additionally, a costimula-
tory signal is required (Kwek et al., 2012; Chen and
Flies, 2013). Helper T-cells are divided into a variety
of subtypes based on the types of cytokines produced.
The best known are Thl and Th2, characterized by the
production of IFN-~, TNF-a, IL-12, and of IL-4, IL-5,
1L-13, IL-10, respectively. The Thl type is essential to
combat intracellular pathogens, whereas Th2 acts dur-
ing extracellular infections, for example, by helminths
(Li et al., 2019). The Thl response is associated with
a proinflammatory response, whereas Th2 produce
anti-inflammatory cytokines (Toscano et al., 2006). In
this way, the Th1/Th2 balance allows regulation of the
immune response to eliminate the parasites, as well
as preventing overly long and overly strong responses,
which can cause damage (Infante-Duarte and Kamradt,
1999). The polarization of the helper T-cells depends
on the cytokines released by the antigen-presenting
cells. TL-12 and IFN-v promote Thl polarization,
whereas IL-4 promotes Th2 polarization (Walsh and
Mills, 2013). Indeed, the IL-12 binding to its receptor
induces the phosphorylation of STAT4, which dimer-
izes and activates the transcription of genes encoding
proinflammatory cytokines such as IFN-y (Hamza et
al., 2010). In the same way, IFN-~ binding to its recep-
tor activates STAT1, which promotes IFN-~ expression
(Abbas et al., 2018). Conversely, IL-4 triggers the phos-
phorylation of STAT6, which activates genes encoding
anti-inflammatory cytokines (Vatrella et al., 2014).

For cattle kept under HS, the Thl/Th2 ratio was
reduced by downregulating the Thl response (Lacetera
et al., 2005; Welsh et al., 2005; Inbaraj et al., 2016;
Bagath et al., 2019).

In addition to the unfavorable effects of cortisol on
T-cell activation described above, glucocorticoids pro-
mote the Th2 response. Glucocorticoids downregulate
the expression of proinflammatory cytokines as well
as the IL-12 receptor and upregulate the expression
of anti-inflammatory cytokines (Cain and Cidlowski,
2017). In this way, Th2 polarization observed during
HS could be directly due to cortisol secretion.

Dendritic Cells. These cells can be activated
through pathogen recognition receptors expressed on
their surface, through antigen uptake or by other cells.
Once stimulated, dendritic cells migrate to the lymph
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nodes, where they activate and influence the polariza-
tion of T helper cells. The activation of dendritic cells
occurs through binding of LPS on TLR4, which induces
the expression of proinflammatory cytokines (e.g., IL-
12p70 via NFkB) and promotes the Thl polarization of
T helper cells. Conversely, activation of TLR2 inhibits
1L-12p70 production and stimulates 1L-4 production,
which, in turn, facilitates Th2 polarization (Walsh and
Mills, 2013).

In cattle, a few studies have shown the role of HSP70
in the processing of antigens as well as its ability to ac-
tivate TLR4 in dendritic cells when it is present in the
extracellular environment. In this way, HS would boost
innate immunity through dendritic cells (Archana et al.,
2017; Bagath et al., 2019). Concerning the abundance
of dendritic cells during HS, no significant difference
has been observed in cattle (Joo et al., 2021). Thus,
despite their high importance in the immune response
mechanisms, studies addressing the effects of HS on
dendritic cells in cattle are lacking.

However, glucocorticoids promote apoptosis of den-
dritic cells (Shodell et al., 2003; Cain and Cidlowski,
2017). Glucocorticoids especially act on the down-
regulation of MHC class 11, the molecules expressed by
antigen-presenting cells such as dendritic cells and in-
volved in the costimulatory signal. Glucocorticoids also
promote the expression of anti-inflammatory cytokines
(Cain and Cidlowski, 2017). Thus, further studies on
dendritic cells, especially in cattle, are imperative.

B-Cells. The activation of B-cells requires the
binding of an antigen to the B-cell receptor and co-
stimulation by a helper T-cell to produce high-affinity
antibodies, including IgG (Abbas et al., 2018). This co-
stimulation is mediated by the binding of the TCR of
the T-cell to MHC class II of the B-cell. The T helper
also secretes cytokines to activate the B-cells (Kwek
et al., 2012). In more detail, when the B-cell receptor
binds an antigen, it allows the recruitment of Lck/Yes
novel tyrosine kinase and of spleen-associated tyrosine
kinase. In causality, among others, the activation of
MAPK and NFkB is induced (Haselager et al., 2020).

In lactating cows, HS probably causes a decrease
in the amount of circulating IgG produced by B-cells.
However, in most cattle studies, IgG of lactating cows
has been measured in colostrum instead of using blood.
Numerous studies have focused on IgG transfer from
mother to calf. Indeed, HS affects milk IgG content,
and has generally been found to hamper calves’ IgG
absorption ( Monteiro et al., 2014; Dahl et al., 2020;
Davidson et al., 2021). However, studies addressing IgG
content in colostrum during HS provide very divergent
results. Some studies indicate an increase in IgG con-
centrations during HS, but others show a decrease or
no differences in IgG due to HS (Bagath et al., 2019;
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Figure 1. Possible mechanisms linking heat stress, cortisol secretion, and immunosuppression. CRH = corticotropin-releasing hormone;
ACTH = adrenocorticotropic hormone; HPA = hypothalamic-pituitary-adrenal; IL-12 = interleukin 12; Thl, Th2 = helper T-cells of type 1 and

type 2; M1, M2 = macrophage phenotypes M1 and M2.

Dahl et al., 2020). Conversely, in blood, HS is associ-
ated with decreased IgG content (Dahl et al., 2020).

In humans, the effect of glucocorticoids on the produc-
tion of immunoglobulins has not been fully described.
In general, glucocorticoids seem to cause a decrease in
overall Ig concentrations (Cain and Cidlowski, 2017).
In addition, cortisol has been found to induce apoptosis
in mouse B-cells, mainly in immature B-cells (Gruver-
Yates et al., 2014). Furthermore, glucocorticoids affect
the activity of transcription factors involved in the
activation of B-cells such as NFkB, as well as of T-cells
(Cain and Cidlowski, 2017). Thus, the decreased IgG
content in the blood of heat-stressed cows might be due
to the detrimental effects on the number and activity
of B-cells.

Global Effect on Immune Cells. In addition to
the cortisol effects observed individually on the dif-
ferent cell types described above, cortisol affects their
interactions. Indeed, cortisol has been found to hamper
the expression of proinflammatory cytokines such as
1L-12 by dendritic cells, and indirectly promotes the
Th2 polarization of helper T-cells (Walsh and Mills,
2013; Cain and Cidlowski, 2017). The impaired produc-
tion of proinflammatory cytokines as well as the lower
expression of molecules involved in the costimulatory
signal by dendritic cells and macrophages reduce the
activation and proliferation of T- and B-lymphocytes

Journal of Dairy Science Vol. 106 No. 7, 2023

(Cannarile et al., 2019). In addition to affecting the
phenotype of macrophages, glucocorticoids reduce their
production of chemokines and thus limit the recruit-
ment of immune cells to the site of infection. Likewise,
cortisol reduces the expression of adhesion molecules by
endothelial cells (Cain and Cidlowski, 2017; Figure 1).

Based on the results described above, the complex
formed by cortisol and its receptor reduces the ability
of immune cells to react to infection, which is associ-
ated with a weaker immune response against patho-
gens. In addition, cortisol could affect the number of
immune cells through its proapoptotic effect and by
reducing lymphocyte proliferation. Cortisol also limits
the recruitment of immune cells to the site of infec-
tion. However, once again, even if a strong effect of
cortisol on immune cells is detected, the amount of
cortisol secreted during HS should be sufficient to trig-
ger these responses. This seems to be dependent on the
animal breed (Tejaswi et al., 2020), and, thus, genetics
are probably one of the key elements for differentiated
tolerance to HS on an animal level.

LINK BETWEEN HEAT STRESS AND INFLAMMATION

In contrast to the previous section, several stud-
ies focusing on transcriptome modification during HS
have highlighted genes involved in inflammation and
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Figure 2. Possible mechanisms linking heat stress and proinflammatory cytokine production. HSP = heat shock protein; DAMP = damage-
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indicated an increase in inflammation in cattle during
HS (Gao et al., 2019; Garner et al., 2020; Ahlawat et
al., 2021). Accordingly, Chen et al. (2018) observed an
increase in proinflammatory cytokines (IL-6, IL-18,
IFN-~, TNF-a) under HS. The proinflammatory effect
of HS could be associated with low levels of cortisol
following HS. As previously mentioned, cortisol lev-
els vary widely with the time of exposure to HS. In
addition, cortisol production varies between animals.
Hence, in some cases, cortisol levels are probably
not sufficient to generate the consequences described
above. In this regard—that is, in the absence of a
sufficient anti-inflammatory effect of cortisol—inflam-
mation could appear in affected animals (Min et al.,
2016; Most and Yates, 2021). Moreover, in humans,
Cruz-Topete and Cidlowski (2015) showed that glu-
cocorticoids were also able to trigger inflammation,
depending on the time of exposure and the basal state
of the immune system.

This increase in inflammation during HS might be
due to the ability of HSP to generate a proinflam-
matory response in cells expressing TLR4 and CD14.
Indeed, as already mentioned, HSP70 can activate the
TLRA4 of dendritic cells (Archana et al., 2017; Bagath et
al., 2019) and a variety of HSP, including HSP70, which
are upregulated during HS (Mishra, 2021). Generally,
HSP act intracellularly. However, HSP appear extracel-
lular after release by injured or dying cells, then acting
as damage-associated molecular patterns to activate
surface TLR4 (Abbas et al., 2018). Heat stress induces
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oxidative cell damage by promoting the production of
free radicals and induces cell death (Belhadj Slimen et
al., 2016). Consequently, a release of HSP as damage-
associated molecular patterns is expected. In addition,
Johnson and Fleshner (2006) showed that several cell
types are able to release HSP72 following a stressor.
This increased release of HSP during HS has been ob-
served in several species, including cattle (Collier et al.,
2008).

In several species, including cattle, HS has been found
to affect the integrity of the intestinal barrier, which
allows the passage of LPS to the circulatory system
and, thus, stimulates the production of proinflamma-
tory cytokines (Lian et al., 2020; Patra and Kar, 2021;
Fontoura et al., 2022). This condition is called “leaky
gut.” In cattle, HS alters the tight junctions between
enterocytes of the jejunum, causing leaky gut and al-
lowing passage of LPS for the activation of TLR (Mani
et al., 2012). These findings indicate that HS affects
the integrity of the intestinal barrier in cattle and, thus,
promotes the production of proinflammatory cytokines
(Koch et al., 2019).

In this context, we expect the emergence of inflam-
mation in cattle with too low a production of cortisol
to trigger an anti-inflammatory response following HS
induction. The inflammatory state might be due to the
increased release of HSP and the HS-induced leaky gut,
enabling the passage of bacteria across the gut epithe-
lium but not, at least initially, following an infection
(Figure 2).
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LINKS BETWEEN REDUCED IMMUNITY,
INFLAMMATION, AND DISEASE OCCURENCE

As addressed above, a well-known example of an
immune-related disease with increasing incidences dur-
ing HS is mastitis (Lacetera, 2018; Dahl et al., 2020).
Mastitis is a mammary gland inflammation generally
caused by bacterial infection (Cheng and Han, 2020).
Consequently, the impaired immunity induced by cor-
tisol during HS could facilitate the development and
duration of mastitis and other bacterial infections (Cal-
cagni and Elenkov, 2006; Bronzo et al., 2020; Cheng
and Han, 2020).

Conversely, studies investigating associations between
inflammation and occurrences of infectious diseases in
heat-stressed cattle are lacking. In humans, Hunter
(2012) showed that with greater inflammation the
symptoms of a disease can also be more pronounced.
Hence, HS-induced inflammations could cause more se-
vere mastitis symptoms, implying a shift from subclini-
cal to more clinical cases. This hypothesis relies on the
stacking effect. Indeed, a quick succession of stressors
will prevent the return to the initial state (Edwards et
al., 2019). In this way, inflammation following HS could
facilitate the onset of inflammatory diseases, such as
clinical mastitis.

By linking these 2 aspects, we expect that a thermo-
tolerant animal produces low levels of cortisol and thus
avoids its immunosuppressive action. Simultaneously,
a thermotolerant animal expresses high levels of HSP,
which limits cell stress and the initiation of inflamma-
tion.

In addition to the immune competence and the in-
flammation level of the affected animal, further factors
promote infectious diseases during HS. Bronzo et al.
(2020) highlighted the involvement of commensal mi-
crobiota with regard to susceptibility to mastitis and
to other infectious diseases. Heat stress modifies the
microbiome composition of cattle, implying increased
susceptibility to infectious diseases (Czech et al., 2022;
Kim et al., 2022). Hamel et al. (2021) showed that HS
contributed to the shedding of some pathogens (yeasts
and Streptococcus uberis) by intramammary-infected
quarters. The observed mechanism could be due to
defective immune function, as well as to a higher milk
temperature, both promoting pathogen proliferation
(Hamel et al., 2021). As shown by Salama et al. (2019),
high temperatures also increase the membrane perme-
ability of bovine mammary epithelial cells, with effects
on impaired udder health. In the same way, Almeida et
al. (2018) and Rakib et al. (2020) identified stronger
pathogen adherence and internalization in heat-stressed
compared with non-heat-stressed bovine mammary epi-
thelial cells. Concerning metritis, Menta et al. (2022)
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indicated an increased incidence for retained placenta
due to HS, causing an increased risk for metritis. Mo-
linari et al. (2022) found that the increased occurrence
of metritis during HS was not associated with a higher
bacterial load. Hence, the increased occurrence of me-
tritis is probably due to lower host resistance during
the hot season, rather than to greater proliferation of
pathogens.

In conclusion, the detrimental effect of HS on the
immune system seems to be the main cause of the
increased occurrence of infectious diseases. However,
some other causes in this regard exist, such as induc-
tion through the specificities of the infected organs.
For example, in the case of metritis, greater occurrence
of membrane retention has been associated with high
cortisol and progesterone levels and with low estrogen
levels (Amin et al., 2013). The effects of HS on the lev-
els of these molecules (Mishra, 2021) could thus explain
the increased occurrence of metritis.

GWAS STUDIES ON HEAT STRESS
AND THERMOTOLERANCE

Several immediate and time-lagged studies have relied
on results from GWAS used for the ongoing annotation
of potential candidate genes involved in cattle response
to HS (Table 1; Hayes et al., 2009; Dikmen et al., 2013;
Howard et al., 2014; Macciotta et al., 2017; Otto et al.,
2019; Sigdel et al., 2019, 2020; Cheruiyot et al., 2021;
Halli et al., 2021; Luo et al., 2021, 2022; Bohlouli et al.,
2022; Solzer et al., 2022). Some of these studies focused
on physiological parameters affected by HS such as
body temperature, whereas others analyzed production
trait alterations by HS. In both cases, several genes
identified may regulate immune system mechanisms
and cortisol production, suggesting the importance of
these traits as indicators for thermotolerance. In this
section, we explore the potential underlying genetic
mechanisms associating some of these genes with ther-
motolerance and immunity. The studied genes have
been chosen according to their link with the previously
described mechanisms and their apparent importance
in immune response. However, further genes might be
involved in the respective mechanisms, indicating the
necessity of additional research.

Genes Involved in Inflammation and Immunity

HSF1. HSF1 is well known to be involved in re-
sponse to HS and has been highlighted as a candidate
gene in 2 HS GWAS (Macciotta et al., 2017; Sigdel et
al., 2019). Indeed, during cellular stress, HSF1 is acti-
vated by phosphorylation and promotes the expression
of HSP by binding to heat shock elements (Jee, 2016).
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A missense mutation was detected in zebu cattle (Bos
indicus) adapted to subtropical conditions, as well as
in Bos taurus from the south of China under HS condi-
tions, suggesting that this mutation is associated with
heat tolerance (Rong et al., 2019). As previously dis-
cussed, HSP can modulate the immune response, and,
thus, mutations in HSF1 could affect immune response
under HS conditions.

NFKB1. In the GWAS by Otto et al. (2019),
NFxkB was highlighted as an enriched transcription
factor. These findings were based on the analysis of
the regulatory sequences of candidate genes for rectal
temperature variation during HS in cattle. As already
described, NFkB is involved in the activation of numer-
ous immune cells and promotes inflammation. This is
a first example for the importance of genes involved
in immunity during HS. On this basis, it is expected
that a difference in NFkB activity will affect the HS
response of an individual.

STATS. Otto et al. (2019) also identified STAT3 as
an enriched transcription factor. As stated for STAT4,
which is associated with the Thl response, and STATG,
which is linked with the Th2 response, STAT3 acti-
vation is associated with the Th1l7 response in helper
T-cells. This type of response is triggered by IL-6 and
implies the production of cytokines such as IL-17 by
the Th17 lymphocyte. The Th17 response plays a role
in the defense against extracellular pathogens by pro-
moting, among other effects, granulocyte recruitment
(Chaudhry et al., 2009; Abbas et al., 2018). In this way,
STAT3 modulates the Th balance and thus influences
the response against pathogens and affects the immune
response during HS.

MAPKS8IP1. Sigdel et al. (2019) identified MAP-
K8IP1 as a candidate gene for the decline of milk
production under HS. MAPKS8IP1 encodes the IB1
protein, which maintains JNK in the cytoplasm and
prevents c-Jun activation. MAPKS8IP1 affects the im-
mune response by modulating leukocyte activation.
However, IB1 is expressed in 3-pancreatic cells and pre-
vents the inhibitory action of JNK on the expression of
the gene coding for insulin. Therefore, not surprisingly,
a mutation in MAPKS8IP1 was also segregated with
diabetes in some human families (Waeber et al., 2000).
Consequently, MAPKS8IP1 could affect HS tolerance
by affecting insulin production. Indeed, as reviewed by
Konig and May (2019) and Mishra (2021), HS is associ-
ated with a modification of plasma insulin of plasma
glucose, both affecting energy balance.

DUSP16. DUSP16 is a second candidate gene that
has been identified by 2 GWAS (Sigdel et al., 2019;
Bohlouli et al., 2022). The protein DUSP16 encoded by
this gene, like other dual-specificity phosphatases, de-
activates MAPK actors by dephosphorylation (Thiriet,
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2013). More precisely, DUSP16, also named MKP7,
is able to reduce JNK activation (Willoughby et al.,
2003). Due to its expression in leukocytes, DUSP16
could therefore affect the number and activation of leu-
kocytes. Moreover, in DUSP16-deficient mice, greater
production of IL-12 was also observed after stimula-
tion with LPS (Niedzielska et al., 2014). In this way,
variations in DUSP16 activity could affect the level of
immune system activation in cattle.

ADGRBI1. Bohlouli et al. (2022) highlighted
ADGRBI1 as a candidate gene for a reduction in milk
content of saturated fatty acid during HS. This gene
encodes the BAIl protein, one of whose functions is
to recognize gram-negative bacteria. Once activated,
the BAI1 receptor will trigger a rearrangement of the
cytoskeleton, which promotes phagocytosis as well as
the activity of NADPH oxidase via the Rac protein.
In this way, the bactericidal activity of macrophages is
increased. In addition, Billings et al. (2016) identified
stronger susceptibility to bacterial infections in BAI1-
deficient mice. Hence, it is expected that this protein
modulates resistance to bacteria also in cattle, implying
improved resistance to infectious diseases during HS.
However, more recent studies in mice and humans sug-
gest that this protein is not expressed in monocytes and
macrophages (Hsiao et al., 2019).

EPSS8. Bohlouli et al. (2022) detected EPS8 as a
potential candidate gene. The EPS8 protein is involved
in actin remodeling. It has been shown that this protein
is expressed by dendritic cells and is essential for their
migration by allowing the formation and maintenance
of cellular protuberances (Frittoli et al., 2011). In ad-
dition, EPS8 also promotes the phagocytosis activity
of LPS-stimulated macrophages (Chen et al., 2012).
Again, a polymorphism of this gene could therefore
modify the ability of cattle to respond to an infection
and to HS.

Genes Involved in Cortisol Production

CRY2. Sigdel et al. (2019) identified CRY2 as a
candidate gene for HS. They also mentioned its role in
thermotolerance. Indeed, CRY2 knockdown in plants
is associated with increased sensitivity to temperature
(Sanchez-Bermejo et al., 2015; Sigdel et al., 2019).
Torres-Farfan et al. (2009) showed that a knockdown of
CRY?2 in the monkey adrenal gland implied an inhibi-
tion of cortisol production during ACTH stimulation.
This suggests that a polymorphism in this gene has a
strong effect on the cortisol secretion levels under HS,
as well as influencing the immune response.

TSPO. Macciotta et al. (2017) proposed TSPO as
a candidate gene associated with the slope of protein
percentage during HS in dairy cattle. This gene en-
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codes a protein involved in cholesterol transportation.
This protein even seems to work with the steroidogenic
acute regulatory protein to transport cholesterol to the
mitochondrial matrix to achieve the first rate-limiting
step of cortisol synthesis (Selvaraj et al., 2015). More-
over, in TSPO knockout mice and in humans with a
specific polymorphism in this gene, Owen et al. (2017)
found impaired cortisol secretion following ACTH
stimulation. Based on these physiological causalities,
polymorphisms linked to T'SPO in cattle might affect
cortisol production and, thus, the response to HS.

POTENTIAL IMMUNE-RELATED BIOMARKERS
FOR HEAT STRESS AND THERMOTOLERANCE

Consideration of candidate genes based on GWAS
to select animals presenting favorable genotypes is an
approach to improve thermotolerance. However, this
approach does not consider environmental interactions.
Thus, a possibility to identify novel biomarkers of HS
is to focus on differences in gene expressions. Hence,
simultaneously considering the pathways discussed
previously, the candidate genes identified on the basis
of GWAS and gene expression studies will contribute
to the detection of potential immune-related biomark-
ers for HS in cattle (Table 2). Moreover, the identified
biomarkers potentially could be used to discriminate
thermotolerant and thermosensitive animals.

Genes Highlighted on the Basis of GWAS

HSF1 and HSP. The genes coding for HSP and
their regulator HSF'1 are upregulated during HS in sev-
eral species and tissues (Archana et al., 2017). Hence,
they are proper indicators for HS.

Concerning the possible difference between thermo-
tolerant and thermosensitive cattle, Li et al. (2011)
showed that HSFI polymorphism affects thermotol-
erance. In this regard, the homozygotes TT at locus
G4693T were more thermotolerant than heterozygotes
and homozygotes GG. Moreover, this polymorphism af-
fects the expression of HSF'1. Indeed, the homozygotes
TT also overexpressed HSF1 compared with the other
genotypes. In this way, the expressions of the HSF1
and HSP genes seem to be potentially potent biomark-
ers to discriminate thermotolerant and thermosensitive
animals.

NFKB1, STAT3, MAPK8IP1, DUSPI16,
ADGRB1, EPSO, CRY2, and TSPO. The can-
didate genes highlighted by the previously mentioned
GWAS are potential biomarkers for HS. Due to their
important functions for thermotolerance, HS might af-
fect the respective gene expressions. In vitro studies
have observed a downregulation of MAPKS8IP1 (Khan
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et al., 2020), an upregulation of DUSP16, and an up-
regulation of TSPO (Kapila et al., 2016). Such results
are expected, because, as already mentioned, TSPO
can affect cortisol synthesis. Conversely, MAPKS8IP1
seems to promote insulin synthesis, possibly due to
increased insulin production during HS, implying an
expected upregulation of this gene. However, this study
was performed on granulosa cells, indicating that MA P-
K8IP1 additionally influences follicular growth (Fayad
et al., 2007). Hence, differences in expression pattern
could depend on the cell type studied. A transcriptomic
study (Martinez et al., 2021) showed an upregulation
of STATS3, and a further study (Srikanth et al., 2017)
with focus on the hepatic response to HS showed an
upregulation of NFKB1. These results suggest an ac-
tivation of the immune system during HS. Concerning
the other genes, currently no studies showed an up- or
downregulation in cattle during HS.

As shown for HSF1, significantly associated SNPs
from GWAS could affect the expression of annotated
potential candidate genes. Different expression levels
might contribute to discriminate between thermotoler-
ant and thermosensitive animals.

Other Genes Associated With the Inmune Response
and Cortisol Secretion

IL1B, IL10, TNFA, TNFR, NOS2, and MPO.
Modifications of the expression or the activity of NFkB,
an important regulator of inflammation, might be asso-
ciated with modifications of its target gene expression.
Among them are NOS2 encoding inducible nitric oxide
synthase and the genes coding for the proinflamma-
tory cytokines IL-13 and TNF-«. IL1B and NOS2 seem
to be upregulated during HS, whereas TNFA and its
receptor (TNFR1) seem to be downregulated (Table
2). Moreover, expression of IL10, an anti-inflammatory
cytokine, seems also to be upregulated during HS. As
already mentioned, at the protein level, it is not clear
whether HS promotes a proinflammatory or an anti-
inflammatory environment. Similarly, NOS2, which is
associated with the polarization of macrophages, has
been found to be upregulated (Bharati et al., 2017). In
contrast, MPQO, associated with the activation of neu-
trophils, has been found to be downregulated during
HS (Park et al., 2021).

As suggested by Cartwright et al. (2021), thermotol-
erant animals could conserve a better immune response
during HS. In this context, different patterns of cy-
tokine and cell activation marker expressions can be
expected between thermotolerant and thermosensitive
animals.

GILZ, NFKBIA, ANXA1, DUSP1, and TPP.
Target genes of the GR are potential biomarkers for
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HS, because HS is associated with cortisol secretion.
GILZ, NFKBIA, ANXA1, DUSP1, and TPP are some
example genes in this regard (Xavier et al., 2016). In
addition, studying their gene expressions could help to
determine whether cortisol levels during HS are suf-
ficient to trigger anti-inflammatory effects. Of course,
these levels can depend on the intensity and duration of
HS, and may vary from one individual to another. Cur-
rently, very few studies have focused on the expression
of these genes during HS. Kim et al. (2020b) highlighted
NFKBIA as one of the genes downregulated during HS.
This suggests that the cortisol level was not able to
promote the expression of the inhibitor of NFkB, which
promotes inflammation.

Tejaswi et al. (2020) showed that crossbred cattle
present a higher level of cortisol than purebred zebu
cattle. Because zebus are more resistant to HS than
crossbreds, we can hypothesize that thermotolerant
animals in general present lower cortisol levels than
thermosensitive. In this case, expressions of genes con-
trolled by glucocorticoids are lower in thermotolerant
than in thermosensitive animals.

Genes Associated With Apoptosis: BAK, CASP3,
and BCL2

As already discussed, HS triggers oxidative stress,
and glucocorticoids can promote cell death. In such a
context, apoptosis markers are potential biomarkers for
HS. Somal et al. (2015) obtained an increase in the
expression of BAK and CASP3, as well as of BCL2.
BAK and CASP3 are proteins associated with apopto-
sis, whereas BCLZ2 is an antiapoptotic protein. In this
case, the upregulation of BAK was stronger than that
of BCL2, suggesting an increase of apoptosis.

We expect that thermotolerant animals are able to
limit cell death during HS. This could be evidenced by
a lower expression level of proapoptotic genes such as
BAK and CASP3 or by a greater expression of anti-
apoptotic genes such as BCL2, or both, by thermotoler-
ant compared with thermosensitive animals.

CONCLUSIONS

Heat stress modulates the immune system of affected
animals, which may directly influence health status. As
illustrated in this review, all mechanisms associating
HS with the greater occurrence of immune-related dis-
eases have not been fully explained. Indeed, HS leads,
among other effects, to the production of cortisol,
which is well known for its immunosuppressive effect.
However, several studies have also shown an increase
in proinflammatory cytokines under HS conditions.
The opposite effects might be due to interindividual
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variability, including genetic differences, as well as to
the duration and intensity of HS. The production of
cortisol depends on these parameters. In all cases, im-
mune parameters are modulated by HS. Additionally,
the importance of the link between immune response
and thermotolerance is highlighted by GWAS, and
corresponding annotated potential candidate genes are
associated with immune response and cortisol produc-
tion. Therefore, it is suggested to use immune param-
eters as biomarkers for the detection of HS. In addition,
the expression levels of genes highlighted in this review
could be used as biomarkers. Moreover, polymorphisms
present in certain genes associated with the immune
system could potentially be used in the context of the
prediction of an individual being tolerant to HS and
considered in genetic evaluations aiming at improved
thermotolerance.
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