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Preface 

Inducible Hsp70 is a representative of the family of HSPs, and has been well-
examined for its functions in cell stress, such as in stressed eyes and macrophages 
of many species (1-3). In the eye, the retinal pigment epithelium (RPE) constitutes a 
single layer of polarized pigmented cells between the retina and the choroid. 
Maintaining the physiological function of RPE contributes to remission of a number 
of ocular disorders, such as age-related macular degeneration (AMD) and uveitis (4, 
5). Boosting of Hsp70 expression in RPE cells has been shown to improve the 
physiological function of RPE cells (6).  

In addition, macrophages are key components involved in the regulation of chronic 
inflammatory diseases, and autoimmune diseases. An increasing number of studies 
have shown that overexpression of Hsp70 has an anti-inflammatory role in 
macrophages (7). Dogs are susceptible species for chronic and immune diseases, 
but little is known about the role of Hsp70 in dogs. Therefore, understanding the 
effects of Hsp70 in dogs RPE cells and macrophages, and exploring novel ways to 
upregulate Hsp70 expression by use of Hsp70 inducer/co-inducers might lead to 
new therapeutic strategies for eye diseases. 

Macrophages are a heterogeneous population, mainly consisting of two extreme 
phenotypes, M1 and M2 macrophages. The balance between M1 and M2 
macrophages is tightly associated with the process of inflammation and the immune 
response (8, 9). Well-defined macrophage subsets in vitro are useful tools for studies 
of macrophage-related diseases. Unfortunately, the lack of a canine macrophage 
model in vitro has hampered the progress of studies on the canine immune system. 
Therefore, it is urgent to develop a well-characterized canine macrophage model in 
vitro. 

Taken together, the overall aim of this thesis is to have a better understanding of 
Hsp70 in canine RPE cells and macrophages, and to establish well-characterized 
canine macrophages. In this introduction, a background on canine Hsp70, RPE cells 
and macrophages, and the relationship between them are provided. 

Function of Hsp70 

The heat shock response was first reported by Ritossa et al. in 1962 due to induction 
of new puffing patterns in the salivary gland chromosomes of Drosophila busckii by 
heat shock (10). Over 10 years later, heat shock genes and proteins coded by these 
genes were identified and termed as “heat shock proteins” (11). Since then, great 
progress has been made in elucidating the function of heat shock proteins (HSPs) 
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at the molecular level. So far, HSPs have been found to be ubiquitously present in 
almost all studied organisms from microbe to human, even in plants. They are highly 
conserved among diverse species during evolution. HSPs play a critical role in 
maintaining cellular homeostasis and defending against extreme environment. In 
animals, cells express HSPs in different ways, by constitutive expression and 
inducible expression. Constitutively expressed HSPs in resting cells participate in 
nascent protein synthesis, facilitate assembly, folding and transportation of proteins, 
and prevent aggregation and mis-folding. Thus, they are also referred to as 
molecular chaperons. Upon stress, a large amount of inducible HSPs is produced, 
which assist in the refolding of damaged proteins or facilitate the degradation of 
proteins damaged beyond repair. Recent research showed that HSPs can also be 
released into extracellular compartments. Some extracellular HSPs were found to 
modulate innate immunity by activating antigen presentation, inducing the secretion 
of inflammatory cytokines, or affecting cellular signaling (12). 

With increasing knowledge of HSPs, the members of HSP families have been largely 
extended, containing proteins of molecular weight ranged from 8 to 200 kDa (13). 
According to the new guideline proposed by Kampinga et al. in 2009, human HSPs 
are named and classified as HSPH (Hsp110), HSPC (Hsp90), HSPA (Hsp70), DNAJ 
(Hsp40), and HSPB (small Hsp), HSPD/E (Hsp60/Hsp10) and CCT (TRiC) (14). 
Among these, the HSP70 family encoded by the gene HSPA1A is one of the most 
studied members, which is characterized by ubiquitous spread and conservation. 
The Hsp70 family consists of at least eight structurally homologous chaperone 
proteins, residing in different cellular compartments (mitochondria, cytosol, 
endoplasmatic reticulum etc.) and with different functions. Three of them are strongly 
up-regulated under stresses: HSPA1A, HSPA1B and HSPA6 (15). The structure of 
Hsp70 is different from that of other HSPs; instead of having a cylindrical structure 
(16), iHsp70 contains a 45 kDa N-terminal ATPase domain and a 25 kDa C-terminal 
peptide-binding domain (17). It has been shown that Hsp70 recognizes short 
hydrophobic stretches within a protein sequence (18, 19). The vast majority of 
proteins carry (multiple) Hsp70 binding sites (18, 20), as such hydrophobic peptides 
are required for holding the 3D fold of a globular protein, by constituting a 
hydrophobic core. Meanwhile, Hsp70 requires an extended conformation of its 
substrate in order to bind (21). 

As a molecular chaperon, Hsp70 has been implicated in diverse cellular functions, 
such as in maintaining cellular homeostasis, preventing cell death, in cell 
differentiation, protein synthesis, and proliferation. Early studies show that around 
15% of newly synthesized proteins in bacteria is associated with the assistance of 
Hsp70 (22, 23). Furthermore, Hsp70 also has anti-apoptotic effects by regulating 
apoptosis related signaling at different levels (24).  
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In addition, Hsp70 has been reported to play a crucial role in multiple inflammatory 
and immune diseases, such as cancer, rheumatoid arthritis, neurodegenerative 
disorders, and asthma (24, 25). Hsp70 is found to accumulate in breast, lung, and 
gastric cancer, suggesting it might be a potential diagnostic biomarker for various 
cancers (26). Moreover, increasing studies have shown that overexpression of 
Hsp70 has a remedying effect in many diseases. Sun et al. demonstrated that 
overexpressing Hsp70 by using an inducer can ameliorate neurodegeneration of 
Alzheimer’s disease by decreasing the production of inflammatory cytokines and 
inhibiting ERK/p38 MAPK signaling (27). Increased Hsp70 was observed to inhibit 
inflammation by inhibiting the activation of NLRP3 inflammasomes (28). Similarly, 
Samborski et al. showed that pharmacologically elevating Hsp70 expression can 
dampen the inflammatory process in inflammatory bowel diseases (IBD) (29). 
Besides, overexpression of endogenous Hsp70 also could enhance its presentation 
by MHC molecules and modulate adaptive immune response by inducing Tregs (12). 

Taken together, overexpression of Hsp70 might be a promising approach to treat 
Hsp70 associated diseases. Although Hsp70 is strongly inducible, its expression is 
very low and difficult to induce under physiological conditions. Therefore, 
pharmacological induction of Hsp70 has been focused. Since activation of HSF1 
highly induces Hsp70, HSP inducers or co-inducers are a matter of great concern 
for the induction of Hsp70. So far, several Hsp70 inducers, such as celastrol, GGA, 
geldanamycin and ansamycins, and co-inducers, such as carvacrol and bimoclomol 
have been studied. However, few of them can be used in the clinic because of their 
toxicity or side effects, thus there still is a need for new inducers. 

Regulation and induction of HSPs 

The expression of inducible HSP family members is triggered mainly by physiological 
stress such as chemical stressors and heat shock, and environmental stress such 
as inflammation and aging. In response to stress, transcription of inducible HSPs is 
initiated by the nuclear translocation of heat shock factor (HSF). Translocated HSF 
can bind to heat shock element (HSE) containing a 5’-nGAAn-3’ sequence in the 
HSP gene promoter region, initiating the transcription of HSPs (30, 31). So far, at 
least four HSF genes (HSF1-4) have been found in mammalian cells (32). Among 
these HSFs, HSF1 has been demonstrated to be the main regulator of synthesis of 
inducible HSPs in HSF1 gene knock-out studies (33-35). The exact activation 
mechanism of HSF1 is still controversial. The one that is widely accepted in 
mammals is that under normal conditions, HSF1 is in an inactive state in the 
cytoplasm where it is bound to Hsp70, Hsp90 and Hsp40; upon stress, HSF1 is 
separated from other HSPs and phosphorylated, subsequently undergoes nuclear 
translocation, binds to heat shock promoter elements, and induces transcription of 
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heat shock genes (Figure 1). This theory is supported by the discovery of 
Hsp70/HSF1 (36) and Hsp90/HSF1 complexes (37) in the cytosol of resting cells. 
Thus, the activation of HSF1 is indispensable to the expression of inducible HSPs 
(Figure 1). HSFs are potent therapeutic targets for HSP-related diseases. 

Recently, a great number of studies have shown that many compounds derived from 
food, herb or approved drugs can elevate iHSP expression by activating HSF1, such 
as carvacrol and celastrol (38, 39). According to whether compounds directly 
activate HSF or not, these compounds can be divided into HSP inducers and co-
inducers (40). In other words, HSP inducers can elevate HSP expression by 
activating HSF, in contrast, HSP co-inducers do not interact with HSF and do not 
induce HSPs directly, but lower the threshold of heat shock response and assist 
other stressors do that. Thus, HSP inducers or co-inducers can activate HSF and 
induce HSPs in different ways. Some compounds can disrupt HSF/HSPs complexes, 
releasing HSF, which prompts translocation of HSF and the combination of HSF and 
HSE. For example, Otaka et al showed that geranylgeranylacetone (GGA) could 
release HSF1 by binding to the C-terminus of Hsp70, resulting in induction of Hsp70 
(41); geldanamycin binds to Hsp90 to dissociate HSF1, leading to HSP induction 
(37); and boosting of Hsp70 by celastrol (39) and paeoniflorin (42) is mediated by 
HSF1 activation (Figure 1). 

The location and function of RPE cells 

During embryonic development, the retinal pigment epithelium (RPE) and the neural 
retina originate from the outer layer and the inner layer of optic cup in the optic vesicle 
neuroectoderm respectively (43). Due to the structural relationship between RPE 
and retina, the RPE is adjacent to and tightly linked with the neural retina throughout 
life. In adult eyes, the RPE consists of a single layer of cells closely connected by 
tight junctions lying at the interface of neural retina and choroid. Due to this special 
structure, the RPE can perform numerous important functions to protect and support 
the neural retina, and maintain normal visual function during embryonic development 
and throughout adult life course. These functions include transportation of trophic 
substances and the end-product of metabolism, enhancement of visual acuity by 
absorbing stray light, protection of the retina from oxidative damage by transferring 
free radicals, and phagocytosis of photoreceptor outer segments (44). The 
intercellular tight junctions between RPE cells constitute the outer blood-retinal 
barrier which maintains the immune privilege environment of the eye, together with 
the inner blood-retinal barrier composed of endothelial cells, which selectively 
transports specific biomolecules and prevents toxic molecules and plasma 
components from entering the retina (45). Therefore, maintaining the health and 
integrity of RPE is essential for retinal health and vision. Defects in the RPE, 
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especially morphologic abnormalities and changes in functionality, have been 
implicated in the etiology of various human eye diseases which result in vision loss, 
such as retinitis pigmentosa and age-related macular degeneration (46, 47). 
Diagnosis and therapies targeting the RPE layer have been documented for 
numerous eye diseases in humans (48). Also, many canine eye diseases are 

Figure 1 The induction of Hsp70 by its inducers or co-inducers. Under normal 
conditions, HSF1 resides in the cytoplasm in an inactive state bound to Hsp70, 
Hsp90 and Hsp40; in response to environmental stress, HSF1 is separated from 
other HSPs, phosphorylated, translocated into the nucleus, binds to heat shock 
promoter elements, and so induces the transcription of Hsp70. HSP inducers or co-
inducers are able to upregulate Hsp70 by inhibiting Hsp90, 40 or other components 
of HSF complexes, activating HSF1 or stabilizing the binding of HSF1 and heat shock 
elements. Upregulated Hsp70 has suppressive effects on inflammation, apoptosis, 
protein degradation and protein misfolding. HSP: heat shock protein, HSF: heat 
shock factor, Treg: regulatory T cell. 
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associated with RPE degeneration, such as Retinal Pigment Epithelial Dystrophy 
(49) and Stationary retinal disorders (50), making dogs an important intermediate 
model to study the role of RPE in eye diseases. So far, many therapeutic strategies 
have been proposed to prevent disease progression, including transplantation of the 
RPE layer and improvement of RPE functionality, probably, the latter is one of the 
most promising treatments for early phases of RPE-related diseased. 

Anti-apoptosis and anti-inflammatory role of Hsp70 in RPE 

Due to its special location and functions, RPE cells fight off environmental insults 
every day, they consume high levels of oxygen, accumulate lipid peroxidation by 
ingesting photoreceptor outer segments, and are exposed to light stimuli for a long 
time. Thus, RPE cells are exposed continuously to oxidative stress (51, 52). 
Excessive reactive oxygen species resulting from oxidative stresses are a major risk 
factor for RPE apoptosis. Previous studies have shown that oxidant-induced RPE 
cell loss is associated with both caspase-dependent and independent pathways. 
Activation of caspase-8 and caspase-3 was observed in RPE cells, under oxidative 
stress and TNF-α stimulation respectively (53, 54). The activation of Bcl-2 family 
proteins followed by Bax subfamily activation activated the intrinsic (or mitochondrial) 
apoptotic pathway, which results in activation of the caspase cascade. A study 
performed by Y. Liang et al. shows that Bcl-2, Bax, and c-Fos expression contribute 
to RPE cell apoptosis following UV-light exposure (55). Also, a release of apoptosis-
inducing factor (AIF) and Bax translocation into mitochondria were detected when 
RPE cells were exposed to appropriate doses of H2O2 (56). Hsp70 functions as a 
crucial regulator of the apoptotic pathway, by inhibiting the release of pro-apoptosis 
factors, such as Bcl-2 family proteins and Apaf-1 (24). There is considerable 
evidence suggesting that Hsp70-mediated regulation involves both pre- and post-
mitochondrial steps. At pre-mitochondrial level, Hsp70 interferes with upstream 
signaling in the apoptotic pathway. Hsp70 can directly bind and inhibit Akt and c‑Jun 
N‑terminal Kinase (JNK1), which have a critical role in the regulation of apoptosis 
(57). At the mitochondrial level, Hsp70 suppresses the translocation of Bax into 
mitochondrial membrane and the release of cytochrome c (58). At the 
post‑mitochondrial level, Hsp70 suppresses the activation of pro-apoptotic factors, 
such as Apaf-1, Bid and Bax, blocking the formation of the apoptosome, which 
prevents apoptosis. In RPE cells, this anti-apoptotic role of Hsp70 is also observed. 
Accumulated Hsp70 attenuates RPE cell apoptosis, induced by the activation of 
caspase-3, which suggests an association between Hsp70 and caspase-3 (59). 
Kayama, Maki, et al. demonstrated that increased Hsp70 significantly prevents 
photoreceptor apoptosis by inhibiting the activation of PI3K-Akt pathway (60). 
However, Hsp70 can also prevent apoptosis without caspase activation, suggesting 
caspase-independent pathways (61). The formation of apoptosome, cytochrome 
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c/Apaf-1/caspase, is the key feature of apoptosis. Studies show that over-expression 
of Hsp70 can prevent apoptosis in Apaf-1-/- mouse embryo fibroblasts induced by 
serum-deprivation (62). In RPE cells, oxidant-induced cell death led to the release 
of cytochrome c, but no caspase 9 and 3 cleavage was observed, indicating the 
existence of caspase-independent signals (63). Due to the anti-apoptotic and cyto-
protective characteristics of Hsp70, induction of Hsp70 production might be an 
alternative approach to block RPE death. 

Hsp70 has also been shown to have a neuroprotective and anti-inflammatory role by 
preventing detrimental pro-inflammatory responses in eye diseases, such as AMD, 
glaucoma, and RP. Those diseases are strongly linked to death and dysfunction of 
RPE cells resulting from exposure to oxidative stress. A crucial regulator in acute 
and chronic inflammation is nuclear factor kappa B (NF-κB). A variety of factors can 
lead to the activation of NF-κB, including oxidative stress and ischemia. Activated 
NF-κB dissociates from its inhibitor IκB and translocates into the nucleus of cells, to 
induce the transcription of pro-inflammatory cytokines such as TNF-α, IL-6 and IL-
1β. Increased levels of Hsp70 suppress IL-6 secretion by human RPE cells. A 
potential mechanism by which Hsp70 may inhibit cytokine production is by interfering 
with phosphorylation of NF-κB at Ser536 and thereby with DNA binding (64). 
Similarly, another study demonstrated that the overexpression of Hsp70 not only 
reduces the secretion of pro-inflammatory cytokines like TNF-α, IL-6 and IL-1β, but 
also promotes the expression of the anti-inflammatory cytokines IL-10 and TGF-β1 
(65). It is speculated that Hsp70 interacts with IKK, thereby preventing the 
phosphorylation of IκB and NF-κB translocation (66). In addition to inducing Hsp70 
endogenously, exogenous delivery of recombinant human Hsp70 (rh Hsp70) to RPE 
cells was also reported to protect RPE against oxidative stress. Exogenous rhHsp70 
could be taken up by ARPE-19 cells and ARPE-19 cells, pre-treated with rhHsp70, 
showed a reduced inflammation, higher cell viability and lower cytotoxicity (67).  

Due to characteristics of Hsp70 upregulation in inflamed or injured tissues of the eye 
and its role in RPE cells, upregulation of Hsp70 expression has been postulated as 
a therapeutic strategy for eye diseases. In recent years, enhanced Hsp70 expression 
by non-damaging laser treatment has been introduced into the clinic, with the 
purpose to avoid detrimental effects for vision (68, 69). Studies in human and mouse 
showed that Hsp70 expression was highly induced by sublethal photothermal 
stimulation, which protected RPE cells from oxidative stress and avoided cellular 
damage of the neural retina (70-74). Selective photocoagulation by multiple short 
argon laser pulses was performed by Roider et al. to investigate the healing 
response of the RPE in rabbits (75). Their study showed that 4 weeks after healing, 
the RPE was replaced by a single layer of hypertrophic RPE cells; the blood-retinal 
barrier was re-established and the inflammatory response in RPE was decreased. 



General introduction 

15 

1 

Further studies showed that upregulated Hsp70 expression in the RPE may have 
contributed to the therapeutic effects of non-damaging laser treatment (76). Besides, 
low power laser irradiation also facilitated RPE proliferation and increased the 
production of growth factors such as TGF-β1, EGF and insulin-like growth factor 
(77). However, the exact threshold of laser energy is hard to control. Over-dose of 
laser energy may cause damage of RPE cell and retina. 

In recent years, the use of pharmacological inducers of HSP70 has, due to only 
minor side effects, been posited as a promising way to increase Hsp70 expression 
in RPE cells. Several compounds like celastrol, arimoclomol, and 
geranylgeranylacetone have been shown to induce Hsp70 production by activating 
HSF-1 (64, 78, 79). But the efficiency of such compounds varies and the exact 
mechanism in treating eye diseases still needs to be validated. In this thesis a novel 
HSP (co-)inducing compound is proposed and tested in canine primary RPE cells. 
Induction mechanism of Hsp70 by this co-inducer was investigated. 

Polarization and characterization of macrophages 

Macrophages are present nearly in all organs and tissues, and are considered as a 
group of heterogeneous cells due to their high plasticity and functional diversity. 
Biological functions of macrophages can be significantly changed by different micro-
environmental stimuli, which provide macrophages with diverse polarization signals 
and induce them to differentiate into different functional subsets, known as the 
classically activated macrophage (M1) and the alternatively activated macrophage 
(M2) (80). The physiological functions of each subset seem to be contrary, but these 
subsets work together to form a well-balanced network to regulate the immune 
response (81). M1 cells, regarded as a pro-inflammatory subtype, are polarized by 
TLR agonists (such as lipopolysaccharide) and cytokines such as IFN-γ or TNF-α in 
the presence of granulocyte macrophage stimulating colony factor (GM-CSF), 
serving as an effector in immune responses mediated by Th1 and Th17 cells (Figure 
2). M1 phenotype macrophages secrete abundant amounts of pro-inflammatory 
cytokines like IL-6, IL-12, IL-23, IL-1β and TNF-α, thereby displaying pro-
inflammatory properties (82). The activation of M1 cells leads to the activation and 
production of iNOS and the release of reactive oxygen species (ROS), facilitates the 
metabolism of arginine, and eventually increases reactive oxide (NO) release, which 
exerts a cytotoxic function (83, 84). Moreover, M1 macrophages express higher 
levels of major histocompatibility complex class II (MHC II) and co-stimulatory 
molecules like CD80 and CD86, leading to the enhancement of their antigen 
presenting capacity. Furthermore, the expression of Fc receptors (CD32 and CD64), 
TLR2 or 4 and chemokines (CXCL5) in M1 macrophages contributes to an increased 
phagocytic activity and recruitment of lymphocytes (85). As a result, functionally, M1 



Chapter 1 

16 

macrophages facilitate the inflammatory response and foster a highly microbicidal 
and tumoricidal environment, having a strong ability to combat pathogens and 
cancer cells.  

In contrast, M2 macrophages have anti-inflammatory properties and are functionally 
involved in parasite clearance, wound repair, tissue remodeling, allergy associated 
responses and tumor progression. The polarization state of M2 cells is associated 
with Th2 responses, so M2 differentiation can be induced by the Th2 cytokines IL-4, 
IL-10, IL-13, as well as by other stimuli, such as glucocorticoids, immunoglobulin 
complexes and Toll-like receptor (TLR) ligands (86). M2 cells in the presence of 
macrophage colony stimulating factor (M-CSF) can be shaped into different 
subpopulations defined as M2a, M2b and M2c macrophages in response to diverse 
micro-environmental factors (Figure 2). In vitro, the M2a subtype is induced by 
exposure to IL-4 and/or IL-13, which both decrease the expression of pro-
inflammatory cytokines such as IFN-γ, TNF-α, IL-6, and IL-1β (86). Activated M2a 
cells produce a series of chemokines like CCL22 (in mice) and CCL17 (in human), 
which promote the recruitment of Th2 cells, basophils, and eosinophils (87). They 
also express a higher level of IL-10, TGF-β and IL-1ra, which enhances the Th2 
response and regulates Th2-type allergic immune activation. M2a macrophages can 
be characterized by an increase of surface markers, such as CD163, CD86 and 
CD206 in human and arg-1 in mouse (88). Besides, M2a also participate in 
fibrogenesis, tissue repair by producing extracellular matrix (ECM) protein. M2b 
macrophages, also known as regulatory macrophages or type II macrophages, can 
be polarized by treatment with the combination of immune complex and TLR 
agonists or IL‐1R agonists. By chemokine production (CCL1 in mice) M2b cells 
recruit eosinophils and regulatory T cells (Tregs), promoting Th2 response (87). 
Although M2b cells exert an anti-inflammatory role by secreting IL-10, the pro-
inflammatory cytokines IL-6, TNF-α, and IL-1β as well as iNOS also can be found in 
M2b cells (89). M2b cells are characterized by relatively high levels of CD14 and 
CD80 in human (90). Through the secretion of those cytokines, chemokines, and 
other regulatory factors, M2b cells modulate the inflammatory reaction and the 
immune response. When exposed to glucocorticoids, IL-10, or TGF-β, macrophages 
polarize to the M2c phenotype. M2c cells, also named deactivated macrophages, 
are characterized by increased expression of CD163, CD206 and Mer receptor 
tyrosine kinase (MerTK) (91). M2c also produce a high level of IL-10 and TGF-β, 
both of which are anti-inflammatory cytokines that contribute to the development of 
Tregs and Th2 cells. This function is further enhanced by the expression of CCL18 
and CCL16 by M2c cells (8). Metalloproteinases (MMPs) like MMP-9 are also 
activated in M2c cells, which are engaged in extracellular matrix (ECM) remodeling 
(89). Furthermore, increased arginase-1 expression is found in M2c cells. In addition, 
some studies showed that M2c cells secrete a higher level of placental growth factor 
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(PGF), which is involved in M2c induced angiogenesis. As can be deducted from this 
profile, M2c cells exert their functions to promote tissue repair, angiogenesis, and 
resolution of inflammation; they suppress T cell proliferation, and restore 
homeostasis (92-94). The three subtypes of M2 (M2a, M2b and M2c) cells can shift 
among each other (95). They share certain features like IL-10 production, 
suppression of the immune response, and down-regulation of costimulatory 
molecules (CD40, CD80/86). 

Recently, a further M2 subtype, named M2d macrophage, was found (Figure 2). This 
type is induced by the treatment of IL-6 and adenosine (89, 96). Because they are 
very common in tumoral tissues, they are also known as tumor associated 
macrophages (TAMs). M2d cells display similar functions as other types of M2 cells, 
they show an increased expression of IL-10 and TGF-β, and decrease in expression 
of IL-12 and TNF-α (96). Besides, the expression of vascular endothelial growth 
factor (VEGF) is also increased, but no increased CD206 and dectin-1 expression 
has been observed (88). M2d cells are believed to be associated with angiogenesis 
and tumor metastasis (97). In addition, several other phenotypes of macrophage 
have been described, such as Mhem, M4 and Mox. They are believed to be involved 
in certain diseases, for example, M4 cells induced by the C-X-C motif chemokine 
ligand (CXCL4) stimulation, serve as athero-protective cells in atherosclerosis (8). 

Based on the above, characterization of macrophages in vitro roughly includes four 
aspects, namely, morphological changes, surface marker expression, cytokine 
expression, and functional activity. Morphologically, monocyte or bone marrow-
derived M1 macrophages of human and mice acquire a typical round-shaped 
morphology and display a fried egg-like shape under light microscope, while M2 
macrophages display an elongated, spindle-like morphology (98). Phenotypically, 
the surface marker profiles of M1 macrophages in murine and human includes the 
MHC II, co-stimulatory molecules CD80 and CD86, Fcγ receptors CD64 (FcγR I), 
CD32 (FcγR II) and CD16 (FcγRIII). Moreover, signaling molecules, intracellular 
protein suppressor of cytokine signaling 3 (SOCS3), STAT1 and IRF5 have been 
shown to be upregulated in M1 cells, as well as iNOS, to promote NO production 
from L-arginase (99, 100). Besides, M1 macrophages have also been shown to 
upregulate TLR2 and 4, and IL-1R expression (99). On the other hand, M2 
macrophages are characterized by an increased expression of arginase 1 (Arg1), 
CD209, the mannose receptor CD206, the scavenger receptors CD163 and CD204, 
Fcε receptor II CD23, Fizz1 and Ym1 (85, 101). More specifically, M2a macrophages 
express high arg-1, CD206, Fizz1 and Ym1 (102). The M2b subtype shows an 
increased expression of CD86 and MHC II (103). The M2c polarization state is 
accompanied by increased expression of CD206, CD163 and arg-1 (104). M2d cells 
can be distinguished by high production of VEGF. In addition, transcription factors, 
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like PPARγ, PPARδ STAT6, IRF4, HIF-2α, and JMJD3 have been shown to be 
associated with M2 polarity (99, 102). According to secretion profiles of M1 and M2 
cells, pro-inflammatory cytokines and chemokines, such as IL-6, IL-12, TNF-α, IL-
1β, CXCL9 and CXCL10, are used to characterize M1 cells in vitro, while M2 cells 
are identified by expression of anti-inflammatory cytokines IL-10 and TGF-β (102, 
105). Furthermore, functionally nitric oxide (NO) production and phagocytosis also 
reflect macrophage polarization states. however, the regulation of NO production 
and phagocytosis is complex, which may be associated with corresponding surface 
molecules expression, activation of signaling pathway and different macrophage 
activities. 

In vitro culture of macrophages 

Macrophages from different sources display various functionalities in immune 
responses. Thus, it is important to investigate the phenotype and functionality of 
macrophages from different organs or tissues individually. However, primary tissue 
macrophages are difficult to isolate and proliferate in vitro, therefore they can not be 
used for functional analysis. Analysis of macrophage cultures in vitro for phenotypic 
and function is an attractive alternative. To date, in vitro cultures of macrophages 
from different sources such as bone marrow, peripheral blood mononuclear cells, 
peritoneum and spleen have been studied (106). Bone marrow is a common source 
of macrophages, which can polarize to M1 and M2 phenotype in the presence of 
GM-CSF and M-CSF respectively. Bone marrow-derived macrophages have notable 
advantages such as homogeneity and proliferation capacity. Mouse peritoneal 
macrophages are one of the best-studied tissue resident macrophages (107). 
Peritoneal macrophages play crucial roles in controlling inflammatory and immune 
response. Splenic macrophages are mainly situated in the red pulp, and have a 
strong antigen-presentation capability. Monocyte-derived macrophages are a useful 
and widely used tool to study macrophages, due to their ability to give rise to different 
subsets of tissue macrophages in specific micro-environments. In vitro, monocytes 
can be differentiated into multiple phenotypes such as M1, M2a, M2b and M2c by 
different stimuli. Monocytes also can be passaged in vitro and have a good 
experimental reproducibility. In addition, considering the animal welfare issues, 
collecting blood monocytes is less invasive to animals. Above all, monocyte-derived 
macrophages are an ideal model for macrophage studies in animals including dog.  

In contrast to primary macrophages, a monocyte-like cell line is another alternative 
for in vitro study. Monocyte-like cell lines from mouse, human and canine are 
generally originated from cancerous cells, which have similar genotypes and 
phenotypes as primary macrophages (108-110). Moreover, special characteristics 
of cell line, like unlimited proliferation, high homogeneity, and cost effective, make 
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them a powerful in vitro tool to study mechanisms, cellular functions, signaling 
pathways and drug transport.  Importantly, most of monocyte-like cell lines have the 
potential to be differentiated into different macrophage-like states, such as M1 and 
M2 cells (111, 112). Thus, they are widely used in studies to immune response. In 
addition, polarization states of macrophages are determined by a complex regulatory 
network, including signaling molecules, regulators of inflammation, transcription 
factors, epigenetic mechanisms, and microRNAs. By modifying relative genes on 
monocyte-like cell line during polarization, polarization pathways can be investigated 
and understood better (113). However, the information on both canine monocyte- 
and monocyte-like cell line-derived macrophages is considerably lacking. Hence, in 
this thesis canine monocyte- and 030D-derived (canine monocyte-like cell line) 
macrophages will be investigated. 

The role of Hsp70 in macrophages 

In addition to the functions of chaperoning, anti-apoptosis and maintenance of 
protein homeostasis, a large number of studies have demonstrated that Hsp70 has 
a critical anti-inflammatory role, regulating immune responses and regulating 
signaling pathways (114-116). Studies show that macrophages express Hsp70 when 
exposed to stress stimuli like hyperthermia, oxygen free radicals and cytokines (117-
119). Moreover, increased intracellular Hsp70 in macrophages has been found to 
inhibit cytokine production, suggesting the anti-inflammatory role of Hsp70. Previous 
studies have shown that heat-induction or overexpression of Hsp70 decreases LPS-
induced pro-inflammatory cytokine TNF-α and IL-1β production in both human and 
murine macrophages (120, 121). It is well known that the NF-κB signaling pathway 
has a crucial role in the regulation both acute and chronic inflammation. Its activation 
and translocation promote cytokine production. Studies on the anti-inflammatory 
mechanism of Hsp70 show that intracellular Hsp70 may bind with TRAF6, an 
upstream molecule of NF-κB, to inhibit the activation of NF-κB, and suppressing 
inflammatory cytokines production (122). Furthermore, high mobility group box1 
(HMGB1) secreted by activated monocytes and macrophages can activate NF-κB 
through the HMGB1-TLR2/4-NF-κB pathway. It has been reported that increased 
Hsp70 in macrophages suppresses the release of TNF-α and LPS induced HMGB1, 
thereby inhibiting NF-κB activation and pro-inflammatory cytokine production such 
as that of TNF-α, IL-6 and IL-1β (117, 123). Another study showed that febrile-range 
temperatures decreased LPS-induced recruitment of NF-κB p65 to the TNF- 
promoter but increased its recruitment to the IL-1β promoter (124). When human 
primary monocytes and murine macrophages were exposed to alcohol, the cellular 
stress protein HSF1 was induced and activated, which further promoted the 
induction of Hsp70. Upregulated Hsp70 inhibits the TLR4/MyD88/NF-κB pathway, to 
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Figure 2 The origin and polarization of macrophages. Tissue macrophages such as 
microglia, Kupffer cells, alveolar macrophages, and osteoblasts, have two main 
origins, which are the yolk sac and fetal liver. In adults, the main source of 
macrophages are the bone marrow and blood monocyte intermediates. M1 
macrophages are activated by LPS and IFN-γ in the presence of GM-CSF, 
associated with the pro-inflammatory response and Th1 response. In the presence 
of M-CSF, M2 cells can be differentiated into four subsets, M2a, M2b, M2c and M2d, 
which are related to Th2 response. M2a are induced by IL-4 or IL-13, which produce 
IL-10, TGF-β and IL-1Ra. M2b are induced by IC and IL-1β and secrete IL-10, IL-1β 
and TNF-α. M2c are activated by IL-10 or TGF-β and contribute to tissue remodeling. 
M2d are activated by IL-6 or adenosine, which is associated with angiogenesis. TGF-
β: Transforming growth factor beta, GM-CSF: Granulocyte-Macrophage Colony-
Stimulating Factor, M-CSF: Macrophage Colony-Stimulating Factor, TNF: Tumor 
Necrosis Factor, IL: Interleukin, VEGF: Vascular Endothelial Growth Factor, IC: 
immune complexes, CCL: C-C Motif Chemokine Ligand. 
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reduce TNF-α, IL-6 and IL-1β production (125). In addition, the overexpression of 
Hsp70 in murine Bone Marrow-Derived Macrophages (BMDMs) reduces caspase-1 
activation and IL-1β production under NOD-leucine rich repeat and pyrin containing 
protein 3 (NLRP3) activator treatment, while Hsp70 deficiency increases caspase-1 
activation and IL-1β production under the same conditions, suggesting an inhibitory 
effect of Hsp70 on the NLRP3 inflammasome (28). Above evidence indicates that 
Hsp70 upregulation in macrophages has a significant anti-inflammatory effect and 
might be an alternative approach to treat inflammatory diseases.   

At the individual level, induction of endogenous Hsp70 by raising the body 
temperature enhances the resistance of rats to the lethal activity of LPS (126). 
Further studies showed that upregulated Hsp70 also reduced LPS-induced cytokine 
TNF in serum of heat-conditioned rats, while the blockade of HSP accumulation led 
to an increase in serum levels of LPS induced cytokines (127, 128). Hsp70 
overexpression decreased the level of TNF-α and IL-6 in the serum of LPS treated 
rats (129). Meanwhile, overexpressed Hsp70 also inhibited IκB degradation and NF-
κB translocation. Besides, Hsp70 also reduced the mortality rate in a sepsis induced 
acute lung injury model (130). Taken together, these data suggest that the anti-
inflammatory effect of Hsp70 in animals may be associated with its role at a cellular 
level (macrophage) to some extent.  

Furthermore, Hsp70 release by stressed macrophages or dying cells serves as a 
danger signal to alert the immune system (131). In some chronic inflammatory 
diseases like rheumatoid arthritis, extracellular Hsp70 can prevent tissue from 
inflammatory damage by producing the anti-inflammatory cytokine IL-10 (132). 
Datanico et al. demonstrated that PBMCs from both RA patients and healthy controls 
produce IL-10 48h after treatment with Hsp70 (133). In addition, Hsp70 and 90 are 
able to combine with LPS and take part in innate recognition (134, 135). Further 
studies show that Hsp70 and 90 function as transfer molecule that delivers LPS to 
TLR4/MD2 complex, and then helps targeting this complex to the Golgi apparatus 
(136). These results indicate that regulation of the inflammatory responses by 
extracellular Hsp70 is a complex process, so more research is needed. 

Besides the anti- and pro-inflammatory effects discussed above, also other functions 
of macrophages have been proposed to be regulated by Hsp70, including 
macrophages activation and maturation, phagocytosis, and antigen presentation. 
Hsp70 is reported as a potent activator of macrophages (137). After stress, Hsp70 
is synthesized and anchored in the plasma membrane of cells. Afterwards, Hsp70 is 
released in exosomes, which serve as an effective danger signal to activate 
macrophages (138). Hsp70 also changes the morphological state of macrophages. 
Macrophages treated with Hsp70 display more surface ruffles and lamellipodia 
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enhancing the ability of adhesion to endothelial cells and antigen uptake (139). 
Furthermore, Hsp70 shifts tumor associated macrophages from the M2 phenotype 
to the M1 phenotype, helping tumor elimination (139). Extracellular Hsp70 is shown 
to interact with receptor molecules on the surfaces of cells such as monocytes, 
macrophages, and DC, and activate the related signaling pathways, finally to 
modulate the activation and maturation of macrophages and DC. It has been shown 
that Hsp70 is able to modulate cytokine secretion like that of IL-10 and IL-6, by 
activating MAPK, STAT3 and ERK signaling (12). These actions will further affect 
the maturation of immune cells. Studies in murine models show that LPS-free Hsp70 
inhibits BMDCs maturation by decreasing MHC II and CD86 expression (140), while 
Hsp70 combined with high doses of endotoxin promotes the maturation of monocyte-
derived DCs (141).  

Phagocytosis is a protective cellular function of macrophages in response to 
microbial invasion. With regard to the phagocytic capacity of macrophages, 
exogenous Hsp70 without endotoxin increases the rate and capacity of phagocytosis 
of invaders such as bacteria and fungi, and further enhances the processing and 
presentation of antigens by MHC II (142). A study of the underlying cellular 
mechanisms shows that Hsp70 binds lipid rafts on the surface of macrophages and 
interacts with lipid raft-associated TLR7, to subsequently activate the p38 MAPK and 
PI3K pathways (143). The activation of these pathways can induce the expression 
of scavenger receptors by macrophages leading to enhanced phagocytic capacity.  

Taken together, Hsp70 has broad biological functions. It is expressed in almost all 
eukaryotic cells including RPE cells and macrophages. Hsp70 is involved in many 
cellular processes which constitute a fine-tuned and complex regulatory network. 
Hsp70 plays a crucial role in inflammatory and immune responses, therefore it is 
proposed as a promising therapeutic target to cure many diseases. However, most 
of researches focus on mice and human, studies on other animals like dog is 
relatively behind. Thus, in our study, we investigated the role of Hsp70 on RPE cells 
and macrophages. Such studies will allow us to understand more the use of Hsp70 
as a therapeutic target in inflammatory diseases and immune diseases in other 
species. 
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Scope of this thesis 

In this thesis, we explored a new Hsp70 co-inducer on canine RPE cells and the role 
of Hsp70 on canine macrophages. Furthermore, we characterized both canine 
monocyte- and 030D-derived macrophages. 

In the first chapter, we introduced the background for the studies in this thesis and 
summarized the latest research progress on Hsp70, RPE cells and macrophages in 
canine, humans, and mice. Subsequently, we pointed out the significance of our 
study. 

In chapter 2, we reviewed potential mechanisms of T-cell driven autoimmune 
diseases including rheumatoid arthritis (RA), type 1 diabetes (T1D), and several eye 
diseases. We pointed out that the establishment of therapeutic tolerance in the 
inflamed tissues may inhibit or skew pro-inflammatory self-antigen-specific T cells, 
thereby curing autoimmune diseases with less side effects. Then we systematically 
elaborated on whether HSPs or HSP-based peptides could induce therapeutic 
tolerance in T Cell-mediated autoimmune diseases through the induction of 
regulatory T cells, which also provided clues for our follow-up research on eye 
diseases. 

In chapter 3, we reported a modified protocol to isolate and characterize canine RPE 
cells. We identified leucinostatin as a novel HSP co-inducer and explored its Hsp70 
enhancing effects in arsenite-stressed RPE cells. Our results indicated that 
leucionstatin, as a co-inducer, could enhance Hsp70 expression in canine RPE cells, 
most likely by activating heat shock factor-1. 

In chapter 4, the anti-inflammatory role of Hsp70 and its underlying mechanisms 
was determined on both wild-type and Hsp70 knockout macrophages. Our data 
indicated that Hsp70 upregulation by cell stress can suppress the LPS-induced 
inflammatory response in canine macrophages by downregulating NF-κB nuclear 
translocation and subsequent pro-inflammatory cytokine expression. 

In chapter 5, we first polarized blood-derived canine monocytes into macrophages 
with M1 and M2 phenotype in vitro. Then, we described a comprehensive 
morphological, phenotypical, transcriptional, functional characterization of canine 
monocyte-derived M1 and M2 macrophages. Our results showed that polarized M1 
and M2 macrophages from canine monocytes displayed distinct characteristics and 
functions. 

Next, in chapter 6, we evaluated the differentiation potentials of a canine monocyte-
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like cell line, 030D cell, to generate macrophages with M0, M1 and M2 phenotype. 
We showed that 030D-derived M1 and M2 macrophages showed many similarities 
to M1 and M2 macrophages derived from other species. 

Finally, in chapter 7, all findings in this thesis as well as future perspective and 
applications are discussed.  
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Abstract 

Failing immunological tolerance for critical self-antigens is the problem underlying 
most chronic inflammatory diseases of humans. Despite the success of novel 
immuno-suppressive biological drugs, the so-called biologics, in the treatment of 
diseases such rheumatoid arthritis (RA) and type I diabetes (T1D), none of these 
approaches does lead to a permanent state of medicine free disease remission. 
Therefore, there is a need for therapies that restore physiological mechanisms of 
self-tolerance. Heat shock proteins (HSPs) have shown disease suppressive 
activities in many models of experimental autoimmune diseases through the 
induction of regulatory T cells (Tregs). Also, in first clinical trials with HSP-based 
peptides in RA and diabetes the induction of Tregs was noted. Due to their 
exceptionally high degree of evolutionary conservation, HSP protein sequences 
(peptides) are shared between the microbiota-associated bacterial species and the 
self-HSP in the tissues. Therefore, Treg mechanisms, such as those induced and 
maintained by gut mucosal tolerance for the microbiota, can play a role by targeting 
the more conserved HSP peptide sequences in the inflamed tissues. In addition, 
the stress upregulated presence of HSP in these tissues may well assist the 
targeting of the HSP induced Treg specifically to the sites of inflammation. 

Keywords: heat shock proteins, tolerance, T regulatory cells, rheumatoid 
arthritis, inflammatory eye diseases, diabetes mellitus, type 1 
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Introduction 

In many cases, chronic inflammatory diseases are autoimmune diseases that are 
caused by a loss of tolerance to self-antigens due to inappropriate activation of the 
immune system. Collectively, autoimmune diseases affect 4–5% of the population, 
being females affected with a higher incidence than males (3:1 ratio) (1).  

Genome-wide association studies (GWAS) have underscored the genetic 
association of the major histocompatibility complex (MHC) region with autoimmune 
diseases, in which case various predisposing alleles have been found (2, 3). The 
main function of MHC molecules is to present processed peptides for the 
recognition of antigen-specific T cells. And such T cells have the capacity to 
damage healthy tissues when they are not tightly controlled. The exact 
mechanisms triggering autoimmune diseases are unknown, but the presence of 
pro-inflammatory T cells in target organs as well as the strong link with MHC loci 
highlights the important role for adaptive immune responses in their development. 
The most accepted hypothesis proposes that for the initiation of an autoimmune 
disease, an immune response with pro-inflammatory characteristics needs to be 
directed against specific tissue antigens in genetically susceptible individuals. 
Regulatory mechanisms exist in the periphery to control such effector responses to 
avoid excessive tissue damage (4). Mechanisms include the following: regulatory T 
cells (Tregs), direct inactivation of effector T (Teff) cells by induction of anergy or 
apoptosis and activities mediated by tolerogenic antigen presenting cells (APCs). 
However, there is an increasing understanding that pro-inflammatory responses 
directed to self-antigens become chronic in autoimmune diseases because 
regulatory mechanisms fail to control them.  

Peripheral tolerance mechanisms 

CD4+CD25high FoxP3+ Tregs 

CD4+CD25high FoxP3+ Tregs can prevent autoimmune diseases by maintaining 
the tolerance to self-antigens. FoxP3 constitutes the most specific marker for these 
cells and is to some extent indispensable to develop a Treg phenotype and for their 
suppressive function (5). The development of autoimmune diseases when 
CD4+CD25+ cells are depleted in normal rodents or when rodents and humans 
have mutated FoxP3 genes highlights the role of Tregs in the prevention of such 
diseases (6, 7). As illustrated in Figure 1, when activated by their cognate antigen, 
Treg cells display a broad range of suppressive mechanisms, which endow them 
with the ability to control immune responses. The potential of controlling T- and B-
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cell responses with different specificities as well as the modulation of the 
maturation status of APCs by Tregs makes them attractive targets for the 
development of therapeutic strategies. Apart from CD4+CD25high Foxp3+ Tregs, 
there are several subsets of CD8+ T cells that are able to downregulate CD4+ T-
cell effector responses by different mechanisms including the induction of anergy in 
APCs and T cells as well as the secretion of anti-inflammatory cytokines (8). 
CD8+CD28−Foxp3+ Treg cells are probably the subset best characterized (9). The 
activation of these cells is antigen-specific [major histocompatibility complex 
(MHC)-I class-restricted], and their suppressor mechanism involves the induction of 
a tolerogenic phenotype in APCs by the increased expression of immunoglobulin-
like transcript 3 (ILT3) and ILT4. ILT3 and ILT4 suppress the activation of nuclear 
factor-κB mediated by CD40, which in turn reduces the transcription of co-
stimulatory molecules such as CD80 and CD86 (9-11). These tolerogenic APCs in 
turn promote an anergic phenotype on naive CD4+ and CD8+ T cells, which could 
acquire similar regulatory functions spreading the induction of tolerance (10).   

However, some studies have shown that patients with autoimmune diseases have 
less effective or fewer CD4+CD25high Foxp3+ Treg cells compared with healthy 
individuals (reviewed in Ref. (12)). Numbers and/or function of CD8+ Tregs have 
been also found to be defective in animal models of autoimmunity and in patients 
(13).  Defects in the capacity of Teff cells to be controlled by Tregs have also been 
found in the context of autoimmune diseases (12). Collectively, these findings 
suggest that Treg malfunction might be a factor promoting the development or 
chronicity of autoimmune diseases. Therefore, approaches to expand regulatory 
populations in autoimmune diseases have therapeutic potential (14, 15). 

Anergy 

T cells are activated when their T-cell receptors (TCR) recognize antigenic 
peptides presented by MHC molecules expressed on the surface of APCs. 
Secondary signals like the one provided by CD28 expressed by T cells and B7.1 
(CD80) or B7.2 (CD86) expressed by APCs are essential to initiate IL-2 production 
and T-cell proliferation. However, the activation of T cells without second signals 
induces a state of anergy where these clones are not able to respond to antigenic 
stimulus because they cannot produce IL-2. Cytotoxic T lymphocyte-associated 
molecule-4 (CTLA4) is a cell surface molecule related to CD28 that has the ability 
to block CD28-dependent T cell activation (16). The critical role of this molecule in 
controlling T-cell activation and maintaining peripheral tolerance was supported by 
the development of a massive lymphoproliferative disorder and autoimmune 
disease being fatal by 3-4 weeks of age in CTLA-4-deficient mice (17). Activated T 
cells transiently increase the expression of CTLA4, which is important to limit the 
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expansion of activated T cells during an immune response. This cell surface 
molecule is expressed constitutively by Tregs endowing them with the potential to 
control T-cell activation through CD28 blockade (Figure 1). The inhibition of the 
CD28-dependent T cell activation has been used as a therapeutic tool for several 
autoimmune diseases. The blockade of the CD28 pathway with CTLA-Ig in animal 
models of autoimmune diseases prevented the progression of the disease 
[reviewed in Ref. (18)]. Abatacept (CTLA4-Ig) has been approved by the FDA for 
use in rheumatoid arthritis (RA) patients with an inadequate response to one or 
more of the disease-modifying antirheumatic drugs. 

Apoptosis 

Apoptotic cell death is another important regulatory mechanism operating in the 
thymus and periphery to delete self-reactive T cells or activated pathogenic T-cell 
clones, respectively. During the development of T cells in the thymus, clones 
bearing autoreactive TCRs are eliminated by apoptosis in a process known as 
negative selection. However, T cells with potential autoreactive receptors escape to 
the periphery where these clones should be kept in check by regulatory 
mechanisms such as Tregs, anergy or deletion. In the periphery, activated T cells 
express death receptors belonging to the tumor necrosis factor (TNF) family (e.g., 
Fas/Fas-ligand) making them susceptible to activation-induced cell death (AICD) 
(19, 20). Memory T cells, Tregs and Th2 cells are less susceptible than Th1 cells to 
AICD (21, 22), allowing the polarization of the immune response to protective 
responses (Th2/Treg) in the periphery. On the other hand, by inducing IL-2 
deprivation and secreting perforins and granzymes, Tregs at the site of 
inflammation increase the susceptibility of Teff cells and other cells such as B cells 
and monocytes to cell death (23, 24). 

Tolerogenic APC 

Tolerogenic APCs present antigens to T cells but since they display low numbers 
of co-stimulatory molecules such as CD80, CD86 and CD40, antigen presentation 
leads to T-cell anergy (25). Tolerogenic APCs can be induced and enhanced using 
different compounds such as rapamycin, corticosteroids, interleukin-10 (IL-10) and 
transforming growth factor beta 1 (TGFβ-1) (26). Several studies have shown the 
therapeutic effect of tolerogenic APCs induced ex vivo in experimental animal 
models (reviewed in Ref. (27, 28)).Treg cells can also modulate the maturation 
status of APCs. For example, these cells can decrease the expression of co-
stimulatory molecules on APC affecting their capacity to activate T cells (29). In 
addition, ligation of CTLA4 to CD80 and CD86 induces APC to express an 
immunosuppressive molecule (indoleamine 2,3-dioxygenase) which is able to 
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abolish T-cell activation (30, 31). Lymphocyte activation gene 3 (LAG-3) is another 
molecule expressed by Tregs that could affect APC function. This is a CD4 
homolog with a high affinity for MHC class II molecules. The binding of LAG3 to 
MHC class II induces an inhibitory signaling pathway, which leads to the inhibition 
of APC maturation (Figure 1) (32). 

 

  
Figure 1. Mechanisms of suppression by Treg cells to control immune responses. 
A broad range of molecular mechanisms contribute to the suppressive function of 
Tregs. Mechanisms include the following: apoptosis/cytolysis (IL-2 deprivation, 
granzyme A/B, perforins); antigen-presenting cell (APC) modulation (CTLA4, LAG-
3); inhibitory cytokines (IL-10, IL-35, and TGF-β); and metabolic disruption 
(CD73/39 and ATP/adenosine mechanism). Abbreviations: CTLA4, cytotoxic T 
lymphocyte-associated antigen-4; DC, dendritic cell; CD, cluster of differentiation, 
IL-, interleukin; LAG3, lymphocyte activation gene 3; TGF, transforming growth 
factor; MHC, major histocompatibility complex. 
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MHC associated diseases are T-cell mediated and 
possible targets for induction of heat shock protein 
(HSP) driven therapeutic tolerance 

The strong link of autoimmune diseases with MHC loci and the presence of pro-
inflammatory T cells in target organs highlight the important role for adaptive 
immune responses in their development. In such cases, therapeutic tolerance may 
become established through the induction of Tregs with bystander regulatory 
activities leading to the inhibition or modulatory skewing of these pro-inflammatory 
self-antigen-specific T cells. Examples of MHC-associated, primarily T-cell driven 
autoimmune diseases are RA, type 1 diabetes (T1D), and several eye diseases. 

Rheumatoid Arthritis 

Rheumatoid arthritis is a chronic inflammatory disease characterized by joint 
inflammation and synovial hyperplasia, which leads to cartilage and bone 
destruction (33). 

The HLA-DRB1 gene has been associated with the susceptibility of this disease, 
especially with the shared epitope (SE) coding alleles (HLA-DRB1*0401, *0404, 
*0405, *0408, *0101, *0102, *1402 and *1001). The SE is a five amino-acid 
sequence motif found in residues 70–74 of the HLA-DRβ chain that encodes a 
conserved positively charged residue at position 71 (34). The latter seems to guide 
the nature of the amino acid that can be accommodated in the P4 pocket of these 
HLA-DR molecules. Although the susceptibility of this disease appears to be 
determined genetically, the onset might depend on other factors such as 
environmental, epigenetic or posttranslational events factors (35). 

As expected by the strong association of HLA-DRB1 and RA, CD4+ T cells are 
enriched in synovia of these patients and seem to play a critical role in the 
perpetuation of inflammation [reviewed in Ref. (36)]. Susceptibility to RA has also 
been linked to other pathways implicated in the activation of T cells, such as 
PTPN22, PTPN2, CTLA4, IL2RA, IL-2RB, among others [reviewed in Ref. (29)]. 
Specifically, a CD4+ T cell subset that produces IL-17, 21, 22 and TNF-α has been 
in the center of the attention in recent years. Emerging data have suggested that 
active RA might result from an imbalance between defective Tregs and pro-
inflammatory Th17 cells (37-39). Nevertheless, the mechanisms governing such 
imbalance that could contribute to RA chronicity have remained unclear.   

Tumor necrosis factor-α has been shown to be the master element of inflammation 
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in RA (40). Consequently, the blockade of this cytokine has emerged as the main 
tool for its treatment. Although the exact mechanism underlying clinical effects of 
anti-TNF-α therapy in patients is not completely understood it is apparent that it 
can have an effect on other pathways associated with tolerance (41). For instance, 
it has been reported that the treatment with infliximab increases the percentage of 
CD4+CD25+ Tregs in RA patients who responded to therapy (42). Further studies 
showed that infliximab induced a distinct Treg population in vitro that could 
compensate the compromised Tregs detected in RA (43). Despite excellent results 
in patients responding to anti-TNF-α therapy, there is an increased susceptibility to 
serious adverse effects including: infectious diseases, malignancies and 
demyelination (44). In addition, only partial responses are achieved with this 
treatment and a continuous treatment is required.   

Diabetes mellitus type 1  

Pancreatic β cells producing insulin are the targets for antigen-specific T cells in 
T1D. Epidemiologic studies suggest that the incidence of this disease is rising (45). 
The updated estimates of the incidence (20.04 per 100,000 per year) and prevalent 
cases (129,350) of T1D in children 0–14 years old in Europe for 2013 (46) reflect 
an increasing trend of 3–4% per annum during the past 20 years (47).  

HLA-DRB1*0401-DQB1*0302 and HLA-DRB1*0301-DQB1*0201 have been 
associated with T1D susceptibility whereas the haplotypes HLA-DRB1*1501 and 
HLA-DQA1*0102-DQB1*0602 confer resistance (48). However, most people 
bearing the haplotypes associated with the greatest susceptibility do not develop 
the disease. In addition, despite the finding of islet-specific T cells in the blood of 
healthy individuals, one study showed that these cells secrete IL-10 instead of 
interferon gamma (IFN-γ) (49), indicating that regulatory mechanisms should fail to 
develop T1D. Indeed, there is evidence supporting that regulation is impaired in 
this disease, where patients seem to have a decreased Treg suppressive 
functionality compared with non-diabetic controls (50, 51). 

The exact mechanism by which β cells are destroyed in the pancreas is not fully 
understood, but genetic and environmental factors appear to predispose 
individuals with defective regulatory mechanisms to develop the disease. Similar to 
other chronic inflammatory diseases, T1D onset  requires CD4+ and CD8+ T cells 
[reviewed in Ref. (52)]. The latter has been demonstrated in experiments in which 
the precipitation or prevention of diabetes was achieved in the non-obese mice 
model by transfer or elimination of CD4+ or CD8+ T cells, respectively. Both cell 
types are able to infiltrate the pancreatic islets in mice and humans and are 
considered to be the final executors of the destruction of insulin-producing β cells 
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(52). CD4+ and CD8+ T cells can induce the death of pancreatic β cells. However, 
as β cells only express HLA class I, direct cytotoxicity can be only mediated by 
CD8+ T cells able to recognize appropriated peptides displayed on β-cell class I 
molecules. CD8+ T cells are able to kill β cells through different mechanisms 
including granzyme B and perforins, pro-inflammatory cytokines and/or Fas/FasL 
interactions (52).  

No drugs have been approved to halt the autoimmune process that causes the 
destruction of β cells in T1D (53). The main goals are the induction of a residual β-
cell function. Different approaches to treat this disease have been used so far 
[reviewed in Ref. (54)]. One of the therapeutic approaches showing promise in T1D 
is the use of anti-CD3 monoclonal antibodies which have been shown to interfere 
antigen-specific T cell activation. However, after promising clinical trials (phase 1 
and 2) in T1D patients with a recent onset, phase 3 trials fail to meet primary 
endpoints (55, 56).    

MHC associated inflammatory eye diseases  

Various studies have confirmed that eye diseases, such as idiopathic uveitis (57), 
birdshot retinochoroidopathy (BSR) (58), and sympathetic ophthalmia (59), have an 
association with MHC. Uveitis is the most common form of inflammatory eye 
disease and one of the leading causes of visual impairment and blindness. The 
association of the MHC class I molecule HLA-B27 with uveitis was first noted in 
1973 (60). The precise molecular and pathogenic mechanisms behind the 
association between Uveitis and HLA-B27 have remained unclear.  HLA-B27 
encompasses around 105 known subtypes (HLA-B*27:01 to HLA-B*27:106 thus far 
identified) that are encoded by 132 alleles (61). HLA-B27 subtypes have a varied 
prevalence in different races and regions of the world. HLA-B*2705 and B*2702 
are the main  HLA-B27 subtypes in northern Europe, while HLA-B*2704 and 
B*2706 are the most widespread subtype among Asian populations (62). A study 
from China found that among northern Chinese people, Ankylosing Spondylitis 
(AS) patients with B*2704 have a stronger risk of developing uveitis than those with 
B*2705 in Ref. (63). Conversely, a Japanese study showed that HLA-B27 anterior 
uveitis (AAU) patients with the B*2704 subtype seemed to be less susceptible than 
patients with B*2705 (64). This suggests that HLA-B*2704 and HLA-B*2705 may 
be the most prevalent HLA-B27 subtypes, with observed conflicting results on the 
role of this molecule in AAU caused by different races and regions, genetic 
background, or environmental factors. Remarkably, the majority of individuals who 
carry susceptibility conferring HLA subtypes never develop uveitis or other 
systemic autoimmune disease, implying that HLA-B27 is a genetically predisposing 
factor for uveitis but that other genetic or environmental factors contribute to the 
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development of uveitis. HLA-B27-associated uveitis is also closely related to other 
systemic autoimmune syndromes, such as AS and systemic sarcoidosis. Several 
studies have shown that HLA-B27 positive AS patients are more susceptible to 
uveitis than HLA-B27 negative patients (65, 66). 20-30% of patients with 
sarcoidosis were affected by uveitis (67). 

Except for uveitis, also specific other ocular inflammatory diseases show a strong 
association with HLA. BSR and idiopathic retinal vasculitis are associated with 
HLA-A29 (68), with HLA-A*29.01 and HLA-A*29.02 representing the most common 
A29 subtypes found in BSR patients (69). The HLA-A*29.01 subtype is more 
frequent among Asians, while HLA-A*29.02 is more common among Caucasians 
(70). In addition, Behcet’s disease (BD) is an inflammatory disease affecting 
multiple organs that also includes a relapsing and remitting pan-uveitis, which is 
strongly associated with HLA-B*51 (71). HLA-B5101 is the predominant subtype 
associated with BD in Japanese and Iranian patients. The association of HLA-
B*5108 and BD was also found in Greek and Spanish patients.  A study of Israeli 
showed that HLA-B*52 may also be associated with BD (72). 

In humans, more and more evidence reveal that cytokines produced by 
autoreactive Teff cell play a pivotal role in the pathogenesis of autoimmune uveitis. 
Early studies suggested that the imbalance of anti- and pro-inflammatory Th2 and 
Th1 subsets is responsible for the pathology of uveitis. However, in recent studies 
emphasis was laid on Th17 and CD4+CD25+FoxP3+ T regulatory cells, which 
produce IL-17 and IL-10, respectively. The ratio of Th17/Treg was distinctly 
increased at the progression of uveitis in patients and in experimental autoimmune 
uveitis (EAU) disease models (73, 74), and imbalance of Treg cells over Th17 cells 
was observed at the recovery phase of EAU (73). Th1 cells play central roles in 
early phase of uveitis, whereas Th17 cells act in the late phase of uveitis (75), Treg 
and inducible Treg cells suppress both Th1 and Th17 cell responses by 
counterbalancing pro-inflammatory activities of these T cells. This implies that 
increasing the number of Treg cells may be a promising and safe way to control 
MHC-associated eye diseases. 

HSP and the induction of therapeutic tolerance 

HSP proteins or peptides as inducers of regulatory T cells 

Initial studies reported that several HSP families were able to induce both pro-
inflammatory and anti-inflammatory effects. Pro-inflammatory cytokine production 
mediated by HSP70 appears to be linked to the activation of toll-like receptor 2 
(TLR2) and TLR4 signaling pathways on innate immune cells (76, 77). Pathogen-
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associated molecular patterns such as lipopolysaccharide (LPS) or other proteins 
present in recombinant HSP produced in bacteria have been suggested to be 
responsible for the observed pro-inflammatory effects [reviewed in Ref. (78)]. In 
line with this idea, HSPs often fail to induce an inflammatory effector response in 
highly purified preparations (79, 80). On the contrary, other studies using non-
recombinant Hsp70, boiling treatments (which cause the degradation of HSP) or 
antibiotics have led to the conclusion that HSPs are responsible for the activation 
of innate immune cells as well as T cells through TLR signaling pathways (81, 82). 
It seems that whether these proteins have an activating or immunosuppressive role 
depends on several factors including their local concentration, the nature of the 
HSP itself (self or microbial), among others [reviewed in Ref. (83)]. In the context of 
autoimmune diseases, HSP proteins have been considered as target molecules 
involved in their pathogenesis in part because they become highly available at 
sites of inflammation (83). The other main reason is the high homology between 
species whereby microbial HSPs can active immune responses that can be cross-
reactive with self-HSPs which in theory could provoke autoimmunity. However, 
autoreactivity to self-HSPs has been also found in healthy individuals (84, 85), 
which means that these proteins are under a tight regulation network. The latter 
also means that autoreactivity to self-HSPs is not a synonym of autoimmunity. In 
fact, self-HSP reactivity appears to be a physiological mechanism for controlling 
the inflammatory process (86). In this regard, several studies in mice and humans 
support the fact that HSP, and specially conserved epitopes have the potential for 
attenuating rather than triggering inflammatory responses (87, 88).  

The initial indication of a possible role of HSP in the induction of therapeutic 
tolerance was obtained in the model of adjuvant arthritis in rats. T cells collected 
from diseased animals were found to respond to mycobacterial HSP60 (89). When 
the recombinant mycobacterial HSP60 protein was used for immunizations, no 
arthritis was seen to develop. Interestingly, induction of adjuvant arthritis in these 
immunized animals appeared not to be possible anymore. Subsequent 
experiments revealed that the same protection against adjuvant arthritis induction 
was obtained by immunizing the animals with only a conserved sequence (peptide) 
of mycobacterial HSP60 (90). On the basis of these latter experiments, it was 
concluded that the conserved peptide induced T cells that were cross-reactive with 
self (mammalian) HSP upregulated at the site of inflammation. In various additional 
studies, the regulatory nature of these cross-reactive T cells was recognized, since 
they were producing regulatory cytokines such as IL-10. 

More recent studies have shown the HSP mediated induction of T cells with 
regulatory potential, which showed the actual phenotypic characteristics of the 
currently known Tregs (91). This was amongst others the case for a HSP70 
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derived conserved mycobacterial peptide called B29. When BALB/c mice were 
immunized with B29, responding T cells were collected on the basis of CD25 
expression and transferred into naïve syngeneic recipient mice. Subsequently, 
these T cells were found to inhibit disease activity after induction of arthritis and to 
persist in various organs, including the joints, for more than 50 days. When during 
this time period, the presence of these cells was interrupted by infusion of a Treg 
depleting antibody, disease returned, which showed the actual disease 
suppressive activity of these HSP70 specific Tregs. When B29 specific T cells were 
selected on the basis of LAG-3 expression, it sufficed to transfer only 4000 of these 
T cells to fully inhibit arthritis. Several explanations are possible for the capacity of 
conserved microbial HSP peptides to induce Tregs. An obvious explanation can be 
found in the contact of the immune system with microbiota in the gut. It is known 
that APCs lining the gut mucosa ingest bacteria from the microbiota. This causes 
transport to mesenteric lymph nodes, where the derivative microbial antigens are 
presented to T cells, a phenomenon that must contribute to mucosal tolerance. 
Since ingestion of bacteria will lead to a stress response, both in bacteria and in 
the APC of the host, MHC molecules will be loaded with HSP fragments in this 
process. By these mechanisms, both microbial and the self-cross-reactive T cells 
will be activated. And since such events happen in the environment of the 
tolerance promoting mucosa, induction of peripheral Tregs seems a direct and 
physiological consequence. Given the evolutionary conservation of the HSP 
molecules present in the complete kingdom of prokaryotes, it seems unavoidable 
that through the repeated contacts with bacteria, the immune system develops a 
focus on the conserved parts of the molecules. And by this same focus on the 
shared sequences between bacterial and mammalian HSPs, Tregs induced by 
bacterial HSP may easily cross-respond to self-HSP (over-)expressed in the 
inflamed tissues. Herewith the regulation, which is of a bystander nature, will be 
targeted towards the sites of inflammation. 

Endogenous HSP loaded MHC molecules 

Apart from the possibility that mucosal tolerance creates a repertoire of HSP 
specific Treg, there is also reason to think that HSPs are a default antigen for 
Tregs in the context of healthy tolerogenic APCs in the absence of co-stimulation 
activating micro-organisms. In various studies HSP70 has been found to belong to 
the most frequent cytosolic/nuclear MHC class II natural ligand sources (92). In 
other words, MHC elution studies have revealed that sequences of HSP70 family 
members are relatively often present in the proteome obtained from the antigen-
binding clefts of human and mouse MHC II molecules. And especially in the case 
of cell-stress, such as the stress caused by inflammatory mediators, HSP70 
fragments have been seen to become preferentially uploaded into MHCII 



HSP Based Therapeutic Tolerance 

49 

2 

molecules [reviewed in Ref. (87)]. Dengjel et al. (93) have analyzed the sequences 
eluted from human B cell derived HLA-DR4 molecules under amino-acid 
deprivation as the cell-stress factor. It was shown that under such conditions 
chaperone-mediated autophagy became operative, which led to involvement of 
HSP70, which is one of the molecular participants in the process of chaperone 
mediated autophagy. In general terms, it was seen that under stress the 
presentation of peptides from intracellular and lysosomal source proteins was 
strongly increased on MHC-II in contrast to peptides from membrane and secreted 
proteins. For these reasons, it was concluded that their study illustrated a profound 
influence of autophagy on the class II peptide repertoire and suggested that this 
finding had implications for the regulation of CD4(+) T cell-mediated processes. 
Interestingly, also the mammalian homologs of our earlier defined HSP70 derived 
B29 peptide were eluted from this HLA-DR4 molecule (HLA DRB1*0401). Knowing 
this, it seems reasonable to think that HSPs, and HSP70 family members in 
particular are frequently seen by Tregs in the context of MHCII molecules. In this 
manner, they could well serve as a default antigen for Tregs, especially when 
presented by tolerogenic APC. 

Given the stress inducible nature of various HSP70 family members, we have 
attempted to raise the abundance of HSP70 fragments in MHCII molecules of 
APCs by administering a so-called HSP co-inducing compound (94, 95). And 
indeed, in the experimental model of proteoglycan induced arthritis (PGIA) in mice, 
we have seen such an intervention with an HSP co-inducer to lead to a T cell 
mediated resistance against arthritis.  The experiments were carried out with 
carvacrol, an essential oil obtained from Oregano plants. Initial studies in vitro had 
indicated that incubation of cells before further exposure to classical stressors, 
such as raised temperature or arsenite, caused a raised expression of endogenous 
HSP70. When given orally, carvacrol was found to lead to a raised expression of 
HSP70 family members in the Peyer’s patches, the lymphoid organs of the gut. In 
addition, when analyzing the T cell responses to HSP70, it was found that oral 
carvacrol had raised the frequency of HSP70-specific T cells and that such cells 
showed to an enhanced degree the CD4+CD25+Foxp3+ phenotype of Tregs. 
Transfer of these cells into naïve recipients inhibited subsequently induced PGIA. 
Thus, the experiments with carvacrol have indicated that for the purpose of 
generating therapeutic tolerance, the co-induction of HSPs, even by dietary 
measures, may be a possible and attractive strategy. 

How to induce HSP based therapeutic tolerance in T-cell 
mediated autoimmune diseases 

Effective interventions in animal models are usually based on disease inhibition by 
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administering therapeutics before disease induction. In other words, effective 
interventions are mostly preventive and not therapeutic. Successful therapeutic 
interventions, when overt disease has been established, are notoriously difficult to 
reach. The reason for this is that established inflammation is known to cause a 
relative resistance to therapy, amongst others by a supposed resistance of effector 
cells to the regulation by Tregs (96). For these reasons, it seems essential for 
therapeutic tolerance to become an effective intervention, to treat chronic 
inflammatory diseases in an early phase of the disease. 

Initial clinical studies in patients with autoimmune diseases with a recent diagnosis 
using peptides derived from HSP have shown that the treatment is safe and also 
the possibility to skew the pro-inflammatory profile of pathogenic T-cell clones has 
been noted [reviewed in Ref. (97-99)]. For example, dnaJP1 is a 15 mer peptide, 
derived from bacterial HSP40, that shares homology with the “shared epitope” 
sequence present in some HLA-class II molecules associated with RA, which 
confers susceptibility to develop the disease. The peptide was identified as a pro-
inflammatory T cell epitope in patients with active RA (100, 101), and authors 
hypothesized that it could be involved in the amplification of the inflammation due 
to the loss of regulatory mechanisms. In the double blind, placebo-controlled phase 
II trial, dnaJP1 was administrated to active RA patients (< 5 years of diagnosis) 
with the aim of inducing mucosal tolerance to this pro-inflammatory epitope. The 
treatment consisted in the administration of 25 mg of the peptide by oral route daily 
for 6 months. A decreased percentage of CD3+ T cells producing TNF-α in 
response to restimulation in vitro with dnaJP1 was observed in patients treated with 
the peptide but not with placebo. A trend towards increased levels of IL-10 was 
seen only in clinical responders. The expression of certain molecules associated 
with the downregulation of the immune response before the therapy was found 
necessary for successfully tolerization using this peptide. Finally, authors reported 
significant differences between treatment groups on day 140 for both American 
College of Rheumatology (ACR)20 and ACR50 responses (102).  

More recently, a randomized placebo-controlled double-blind phase I/IIA trial was 
performed in patients with unresponsive active RA using binding immunoglobulin 
protein (BiP). BiP is an endoplasmic reticulum resident chaperone and stress 
protein with strong tolerogenic effects in the collagen induced arthritis model (103). 
A single i.v. infusion of BiP (1, 5 or 15 mg) was well tolerated. The efficacy in this 
study was confounded by a high clinical response in the placebo group. However, 
at the end of the follow up period (12 weeks), remission was only achieved by 
some patients receiving 5 and 15 mg of BiP. Decreased C-reactive protein levels, 
VEGF and IL-8 were decreased in patients receiving BiP compared with placebo at 
that time point (104). Finally, it was concluded that a large study is required to find 
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the optimum dose and frequency of BiP administration.  

Antigen-specific tolerance using HSP-derived peptides has also been explored in 
T1D. DiaPep277 is a 24-amino acid peptide derived from the 437–460 sequence of 
HSP60. The treatment of newly diagnosed diabetic patients with DiaPep277 was 
well tolerated. In some patients, the treatment may delay the loss of the C-peptide 
production thereby decreasing the demand for exogenous insulin when compared 
with placebo groups in phase I and II clinical trials (105). The study of the T-cell 
populations of patients treated with DiaPep277 but not with placebo showed a shift 
towards a Th2 phenotype characterized by reduced levels of IFN-γ and increased 
expression of IL-4, IL-10, and IL-13 (106). 

In general, immunological effects often correlate with a trend to clinical efficacy 
compared with placebo groups. However, the clinical efficacy has been less than 
expected. Therefore, it may turn out necessary to combine various strategies. For 
example, anti-TNF-α drugs may be combined with HSP peptide-based vaccination 
to have a synergic effect of inhibition of inflammation in combination with a Treg 
inducing strategy. A recently probed intervention was utilizing autologous 
tolerogenic dendritic cells loaded with (autologous) synovial fluids in patients with 
progressive forms of RA (107). This first phase clinical trial showed the safety and 
the attainability of the approach. Although in some patients also a beneficial clinical 
effect was noted, it now seems needed to repeat such an intervention in patients 
with less advanced forms of the disease. Since it will be less practical to obtain 
synovial fluids from such patients, an attractive alternative possibility will be the use 
of HSP70 peptide B29. Besides the fact that B29 has shown a capacity to induce 
HSP70 specific Tregs, an additional advantage of using a well-defined antigen, 
such as B29, is that this will provide an opportunity to monitor the effect of the 
intervention precisely at the level of peptide specific T cells. A clinical trial exploring 
the effect of B29 in combination with tolerogenic DCs in patients with RA is under 
development. 

Although clearly in its infancy, therapeutic tolerance is expected to become a 
reality. In the case of RA therapeutic progress has been significant until now. From 
the first pain killers, such as aspirin that was already available in the end of the 
nineteenth century, gold preparations since the 30s of the previous century, 
prednisone since world war II and biologics more recently, a very significant 
progress was made. The typical anatomical joint aberrations as they were seen 
frequently in RA patients are fully avoidable these days. Nonetheless, none of 
these interventions leads to cure. When therapy is halted, disease returns. 
Knowing this, the real challenge for the coming years will be the development of 
interventions that lead to a permanent remission based on regained self- tolerance. 
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Given their supposed physiological role as targets for T cell regulation, HSPs may 
provide us possibly with the means to achieve true therapeutic tolerance. 
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Abstract 

Dysregulation of retinal pigment epithelium (RPE) cells is the main cause of a variety 
of ocular diseases. Potentially heat shock proteins, by preventing molecular and 
cellular damage and modulating inflammatory disease, may exert a protective role 
in eye disease. In particular, the inducible form of heat shock protein 70 (Hsp70) is 
widely upregulated in inflamed tissues, and in vivo upregulation of Hsp70 expression 
by HSP co-inducing compounds has been shown to be a potential therapeutic 
strategy for inflammatory diseases. In order to gain further understanding of the 
potential protective effects of Hsp70 in RPE cells, we developed a method for 
isolation and culture of canine RPE cells. Identity of RPE cells was confirmed by 
detection of its specific marker, RPE65, in qPCR, flow cytometry and 
immunocytochemistry analysis. The ability of RPE cells to express Hsp70 upon 
experimental induction of cell stress, by arsenite, was analyzed by flow cytometry. 
Finally, in search of a potential Hsp70 co-inducer, we investigated whether the 
compound leucinostatin could enhance Hsp70 expression in stressed RPE cells. 
Canine RPE cells were isolated and cultured successfully. Purity of cells that strongly 
expressed RPE65 was over 90%. Arsenite-induced stress led to a time- and dose-
dependent increase in Hsp70 expression in canine RPE cells in vitro. In addition, 
leucinostatin, which enhanced heat shock factor-1-induced transcription from the 
heat shock promoter in DNAJB1-luc-O23 reporter cell line, also enhanced Hsp70 
expression in arsenite-stressed RPE cells, in a dose-dependent fashion. These 
findings demonstrate that leucinostatin can boost Hsp70 expression in canine RPE 
cells, most likely by activating heat shock factor-1, suggesting that leucinostatin 
might be applied as a new co-inducer for Hsp70 expression. 

Keywords: Retinal pigment epithelial cell, Leucinostatin, Heat shock protein 70, 
Canine 
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Introduction 

The retinal pigment epithelium (RPE) is a single layer of polarized pigmented cells, 
in between the retina and the choroid, which originated from the neural ectoderm (1). 
RPE cells play a critical role in the protection of retina function and vision of the eye: 
they nourish photoreceptors, absorb stray light, and engulf and degrade shed 
photoreceptor outer segments. As part of the blood-retina barrier, RPE cells also 
have a crucial role in maintaining the immune privilege of the eye, and in modulating 
local immune responses. Dysregulation and death of RPE cells is thought to 
contribute to a number of ocular disorders, such as age related macular 
degeneration (AMD) (2), diabetic retinopathy (3) and uveitis (4). Eye diseases 
detected in dogs, in veterinary clinics, are quite similar to those found in human 
patients. Therefore, diseased dogs may serve as an excellent model to study 
potential treatments, also for human diseases. So far, there are no effective 
strategies to cure these eye diseases, in neither humans nor dogs. Therefore, a 
search for novel and effective agents to modulate and regenerate RPE cell 
functionality is needed. 

Heat shock protein 70 (HSPA1A, HSPA1B), which is a member of a major heat 
shock protein family, is highly conserved, and ubiquitously expressed during cell 
stress. Hsp70 has been implicated in T cell regulation of various chronic 
inflammatory diseases, including Rheumatoid arthritis (5), colitis (6), 
neurodegenerative diseases (7) and experimental autoimmune uveoretinitis (8), 
which makes the molecule a potential therapeutic target in chronic inflammations. 
Moreover, over-expression of Hsp70 was reported to play an essential role in 
regulation of apoptosis (9, 10) and protection against inflammation (11).  

In clinical ophthalmology, retinal laser therapy such as laser photocoagulation and 
non-damaging retinal laser therapy (NRT) are widely used, to treat various retinal 
diseases. Studies on therapeutic mechanisms of retinal laser therapy showed that 
Hsp70 was substantially induced in laser target sites of ARPE cells (12) and the RPE 
layer of the rabbit model (13, 14). Such upregulated Hsp70 may be involved in the 
improvement of the physiological function of RPE cells. Consequently, boosting of 
Hsp70 expression in RPE cells has been proposed as a possible therapeutic strategy 
in eye diseases. Currently, pharmacological co-induction of Hsp70 by food- or herb-
derived compounds shows great promise in the battle against chronic inflammatory 
diseases, by enhancing the physiological Hsp70 response. It has been reported that 
HSP co-inducers, such as Bimoclomol, Geranylgeranylacetone (GGA) and celastrol, 
have a beneficial effect in the treatment of various inflammatory diseases by boosting 
HSP expression in experimental animal models, such as cerebrovascular disorders 
(15), neurodegenerative diseases (16), and uveitis (8). 



Chapter 3 

66 

Transcription of HSPs is regulated by the heat shock transcription factor 1 (HSF1). 
Under normal conditions, HSF1 is in an inactive state in the cytoplasm where it stays 
bound to Hsp70, Hsp90 and Hsp40. Upon stress, HSF1 undergoes nuclear 
translocation, binds to heat shock promoter elements, and induces transcription of 
heat shock genes (HSE). So far, compounds that increase HSP expression in canine 
RPE cells and the mechanisms involved have not been studied.  

Aiming at a potential model for modulating HSP70 expression in dogs, as a target 
and model species, we successfully isolated and cultured canine RPE. We observed 
that arsenite-stress induced a time and dose-dependent increase in Hsp70 
expression in RPE cells in vitro, and that leucinostatin, an antimicrobial and antitumor 
antibiotic produced by the fungus Paecilomyces lilacinus, enhanced Hsp70 
expression in arsenite-stressed cells in a dose-dependent fashion. In the present 
study, we thus identify a novel compound, leucinostatin, that can boost Hsp70 
expression by activating heat shock factor-1. 

Materials and methods 

Animals 

All dogs used in the experiments were owned by the Department of Clinical Science 
of Companion Animals of the Faculty of Veterinary Medicine, Utrecht University. The 
breeds of dogs included beagle and mongrel dogs. Eyes were isolated from healthy 
dogs, without any eye diseases, that were euthanized for unrelated purposes. This 
study was approved by the Utrecht University animal experiments committee 
(approval number: AVD115002016531). 

Dog RPE isolation and culture 

To purify primary RPE cells from dogs, eyes were taken out and placed in DMEM 
medium with penicillin-streptomycin and 10% bovine serum, and connective tissue 
was removed. Then, eyes were washed successively with 70% ethanol, penicillin-
streptomycin, and PBS. Afterwards, the anterior segment of the eye was removed 
along the ora serrata. Vitreous in the eye cup was pushed out as much as possible 
and the eye cup was filled with 2 ml of PBS with 1 mM EDTA (pre-warmed to 37 °C), 
placed in a well of a 12-well tissue culture plate, and put in the incubator (37 °C and 
5% CO2) for 20-30 min, to loosen the neural retina. Then the retina was peeled off 
gently and the eye cup was refilled with 3 ml of pre-warmed 0.05% trypsin (Gibco), 
and incubated for another 30-40 min at 37 °C. RPE cells were harvested by gentle 
pipetting. Cells were seeded in T-75 tissue culture flasks and expanded at 37 °C with 
5% CO2 in DMEM (Gibco, Cat. No.: 31966021) containing 10% FBS, 100 units/mL 



Leucinostatin acts as a co-inducer for Heat Shock Protein 70 in canine RPE cells 

67 

3 

penicillin and 100 μg/ml streptomycin, non-essential amino acids and 1 ng/mL 
epidermal growth factor (SIGMA-ALDRICH, Cat. No.: E417). Cells were passaged 
at 80% confluency. 

The DNAJB1-Luc-O23 reporter cell line and luciferase assays 

The DNAJB1-Luc-O23 cell line, a generous gift of Kampinga HH (17, 18), was grown 
in DMEM supplemented with 10% FBS, 100 units/mL penicillin and 100 μg/mL 
streptomycin, and 1 mg/mL hygromycin (Roche Diagnostics GmbH), in an 37 °C 
incubator with 5% CO2. 

After trypsinization, DNAJB-Luc-O23 cells were seeded into the wells of a white 
μClear 96-well plate (Greiner Bio-one, 1.5×104 cells/well), and placed in DMEM 
medium with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. After 24 h, 
leucinostatin and sodium arsenite were added at specified concentrations (Fig. 7) 
and after o/n incubation, luciferase activity was measured with a Promega Steady-
Glo Luciferase Assay System using a LB960 Microplate Luminometer (Berthold 
Technologies), according to manufacturer’s instruction. 

Quantitative real time PCR 

RPE cells were harvested at passage 1, 2, 3 and 4. Total RNA was isolated using 
an RNeasy kit (Qiagen, Venlo, the Netherlands), according to the manufacturer’s 
instructions, followed by DNase treatment. RNA concentrations were measured 
using a Nano-drop-1000 spectrophotometer, and mRNA was reverse-transcribed to 
cDNA using an iScriptTM cDNA Synthesis Kit (Bio-Rad) and Bio-Rad Thermal Cycler, 
according to manufacturer’s instructions. 

Primers for RPE65 were synthesized by Invitrogen (Forward primer: 5’-GCC TCG 
TCA AGC CTT TGA GT-3’. Reverse primer: 5’-CTG ATG GGT ATG AGT CGG GC-
3’). Quantitative PCR to detect RPE65 expression in RPE cells was performed using 
iQTM SYBR Green Supermix (Bio-Rad) and 0.4 µM of RPE65 primers, applying the 
following cycle parameters: 3 min at 95 °C, followed by 40 cycles of 20 s at 95 °C 
and 45 s at 60 °C (Bio-Rad CFX Connect real time system). Relative expression of 
mRNA was calculated by the Pfaffl-method using the housekeeping gene RPS19, 
encoding the Ribosomal Protein S19, as a reference (Forward primer: 5’-CCT TCC 
TCA AAA AGT CTG GG-3’ Reverse primer: 5’-GTT CTC ATC GTA GGG AGC AAG-
3’).  
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Hsp70 induction in RPE cells 

RPE cells were seeded in 12-well plates (2 - 4 × 105 cells/well) and cultured at 37 °C 
o/n. At the second day, the medium was refreshed, and cells were incubated with 
carvacrol (SIGMA-ALDRICH, Cat. No. 499-75-2) or leucinostatin (SIGMA-ALDRICH, 
Cat. No: SML1566) dissolved in vehicle (ethanol and DMSO respectively) at the 
concentrations indicated in the figures (Fig 4, 5, 6, and 7). Control cultures were 
incubated with medium or vehicle alone. After 2 h, sodium arsenite was added to the 
cultures, at the concentrations indicated in the Figs. 4, 5, 6, and 7. Cells were 
collected after time intervals of 4, 8, 16, or 32 h, and Hsp70 expression was analyzed 
as described below. 

Flow cytometric analysis of Hsp70 and RPE 65 expression 

For analysis of intracellular Hsp70 expression, cells were fixed and permeabilized 
for 30 min in Cytofix/Cytoperm solution (BD Pharmingen), washed, and then 
incubated with either a fluorescein isothiocyanate-labeled monoclonal antibody 
(SPA-810; Stressgen) to specifically detect inducible Hsp70 (HSPA1A/HSPA1B), or 
with the corresponding isotype control antibody, in Perm/Wash (BD Pharmingen) 
supplemented with 2% normal mouse serum. For analysis of intracellular RPE65 
expression, cells were collected at passage 1, 2, or 3, and fixed and permeabilized 
as above. Then RPE cells were stained with an RPE65 monoclonal antibody for 30 
min. Afterwards, cells were washed two times and incubated with Goat anti-mouse 
IgG(H+L)-PE. For final analysis of fluorescence, a FACS Canto (BD Pharmingen) 
flow cytometer was used. 

Immunocytochemistry 

Cells (1×105 cells/well) were grown on Lab-Tek II chamber slides overnight to let 
them attach, and then fixed in 4% paraformaldehyde (PFA) in PBS for 10 min at 
room temperature. After that, cells were washed three times with ice-cold PBS and 
permeabilized with Perm/Wash (BD Pharmingen) for 30 min. Subsequently, cells 
were blocked with 3% dog serum in prewash at room temperature for 60 min. Then 
cells were incubated with anti-mouse RPE65 (1:100, Invitrogen, Cat. No. MA1-
16578) overnight at 4 °C. Cells were washed three times, 5 min each, with 
Perm/Wash to remove unbound antibodies and incubated for 30 min at room 
temperature with anti-mouse AlexaFluor 488 (life technologies, Cat. No. A21121) 
1:400 diluted in Perm/Wash. Afterwards, cells were washed three times and 
mounted with 40, 60-diamino-2-phenylindole (DAPI) mounting medium to stain the 
cell nuclei. Finally, cells were imaged with a fluorescence microscope. 
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Statistical analysis 

GraphPad Prism 7.04 (GraphPad Software, La Jolla, CA, USA) was used for 
statistical analyses and graphical display of the data. For multiple comparisons, one-
way or two-way ANOVA tests with Bonferroni correction were used. P values below 
0.05 were considered statistically significant. 

Results 

Characterization of cultured dog RPE cells 

Although most studies describe the isolation of RPE cells by peeling the RPE sheet 
from the choroid (19, 20), it has proven to be challenging to obtain pure populations 
of RPE cells, due to firm attachment to the Bruch’s membrane and choroid. 
Therefore, we developed a method that does not rely on peeling off the RPE layer. 
To this end, the eye anterior segment and neural retina were removed, and then 
trypsin was added directly into the remaining posterior eye cup to digest the RPE 
layer, as described in “Materials and Methods.” A few hours after seeding into the 
flasks, most of the RPE cells had attached (Fig. 1, day 1). Primary cultures of dog 
RPE cells grew as hexagonal, pigmented cells, and reached confluency after 8 days 
of culture. However, RPE cell pigmentation reduced with the number of cell divisions 
(Fig. 1, day 3 and day 8). 

To test the RPE cell cultures for expression of the RPE cell-specific marker RPE65, 
primary cells in passage 1 were harvested and allowed to adhere to a coverslip. 
Then, cells were fixed and stained for immunofluorescence analysis. As shown in 
Fig. 2c, over 90% of canine RPE cells expressed the cytoplasmic RPE65 protein, in 
contrast to control, primary canine fibroblasts (Fig. 2b). 

To assess RPE65 expression in dog primary RPE cells, at different passages, we 
collected cells at passage 1, 2, 3, and 4 and measured RPE65 expression at protein 
and mRNA levels (Fig. 3). The percentage of RPE65 positive cells detected by flow 
cytometry (Fig. 3a, b) was approximately 95% in passage 1, and then decreased 
with increasing number of cell passage, which was in line with RPE65 mRNA 
expression in the different passages (Fig. 3c). 

Hence it was shown that the alternative RPE cell isolation method employed yielded 
a highly homogenous population of canine RPE cells, expressing RPE65 protein in 
passage 1. RPE65 expression however was gradually lost over time of culture, to 
approximately 10% of initial expression level in passage 4. 
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Fig. 1 Isolation of primary RPE cells from dog eyes. Light micrographs of RPE cells 
at 1, 3, and 8 days after plating. Scale bar: 400 µm 

 

 
 
 
 
 
 
 
Fig. 2 Expression of RPE65 protein in cultured dog RPE cells. Cells (in passage 1) 
were fixed and stained with RPE65 antibody to label RPE65 protein (green) and 
DAPI to label nuclei (blue). a, DAPI was used to visualize cell nuclei in RPE cells; b, 
RPE65 expression in canine epidermal keratinocytes (MSECK), as control group; c, 
RPE65 expression in dog primary RPE cells. 
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Fig. 3 RPE65 protein expression analysis in different passages of dog primary RPE 
cells. RPE cells were stained with anti-RPE65 MoAb and analyzed by flow cytometry. 
a, Representative histogram (left) of the percentage of RPE65 expressing cells in 
dog RPE cell cultures in passage 1; the bar-graph (right) shows the mean of three 
independent experiments; b, Percentage of RPE65 protein expressing cells in 
passages 1, 2, and 3; c, gene expression comparison among different passages of 
cultured RPE cells (passage 1, 2, 3, and 4). RPE65 expression in passage 1 was 
regarded as maximum expression. Representative results from three separate 
experiments. 

Hsp70 production is induced in arsenite-stressed canine RPE 
cells 

To study whether stress upregulated Hsp70 production in RPE cells, the well-known 
stressor arsenite was chosen. Primary canine RPE cells were exposed to different 
concentrations of arsenite (0, 2.5, 5, 10, 20, and 40 µM) for 4, 8, 16, and 32 h, and 
Hsp70 protein expression was measured by flow cytometry (Fig. 4). We found that 
arsenite when applied at concentrations ranging from 5 µM to 40 µM, induced a 
dose-dependent increase in Hsp70 expression. The most significant differences 
were observed following a 16 h incubation, at different arsenite concentrations. 
These data indicate that arsenite-stress induces a time and dose-dependent 
increase in expression of Hsp70 in cultured canine RPE cells.  

 
 
 
 
 
 
 
 
 
Fig. 4 Sodium arsenite stimulation induces production of Hsp70 in dog primary RPE 
cells. RPE cells were incubated with sodium arsenite at the indicated concentrations, 
for 4, 8, 16, and 32 h at 37 °C. a, Percentage of Hsp70 positive cells, detected by 
immunofluorescence staining with a MoAb, specific for inducible Hsp70, and flow 
cytometry. b, Mean fluorescence intensity (MFI) of Hsp70+ cells. Data are 
representative of three independent experiments. P < 0.05 was considered 
statistically significant. 
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Effect of carvacrol and leucinostatin on the induction of Hsp70 in 
stressed canine RPE cells 

To determine whether Hsp70 could be co-induced in canine RPE cells, carvacrol, 
known to co-induce Hsp70 in various cell types (21, 22) was used. RPE cells were 
incubated for 16 h with arsenite and the indicated concentrations of carvacrol (Fig. 
5). We found that carvacrol up-regulated Hsp70 expression dose-dependently in 
cells stressed by 5, 10, and 20 µM arsenite, even at doses <5 µM at which arsenite 
alone failed to upregulate Hsp70 (Fig. 5). Thus, indeed carvacrol enhanced the 
stress response in arsenite-treated RPE cells, but failed to induce Hsp70 expression 
in the absence of a stressor. These data show that carvacrol functions as a co-
inducer of Hsp70 expression in the canine RPE cell culture, which is in line with 
previous results in mouse and human cells (21, 22).  

Next, leucinostatin, an antimicrobial and antitumor antibiotic with potential 
immunomodulating capacities that is produced by the fungus Paecilomyces lilacinus, 
was tested for its ability to enhance Hsp70 expression. First, we determined Hsp70 
expression in leucinostatin-treated cells in the presence or absence of arsenite by 
flow cytometry. As shown in Fig. 6, leucinostatin enhanced Hsp70 expression in 
arsenite-stressed cells in a dose-dependent fashion. Thus, these data identify 
leucinostatin as a new co-inducer of Hsp70 in RPE cells. 

 

 
 
 
 
 
 

Fig. 5 Carvacrol co-induced Hsp70 expression in dog primary RPE cell (passage 2-
4). RPE cells were incubated with the indicated concentration of carvacrol for 2 h at 
37 °C, followed by incubation with sodium arsenite at the indicated concentrations. 
After 16 h, Hsp70 expression in RPE cells was detected by immunofluorescence 
staining and flow cytometry. a, Mean percentages of sodium arsenite and/or 
carvacrol treated RPE cells, expressing Hsp70; b, Mean Fluorescence Intensity 
(MFI) of Hsp70-expression, detected in treated, cultured RPE cells. Data are 
representative of three independent experiments. P < 0.05 was considered 
statistically significant. 
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Fig. 6 Leucinostatin co-induced Hsp70 expression in dog primary RPE cells 
(passage 2-4). RPE cells were incubated with the indicated concentrations of 
leucinostatin for 2 h at 37 °C, followed by incubation with sodium arsenite at indicated 
concentrations. After 16 h, Hsp70 expression in RPE cells was detected by 
immunofluorescence staining and flow cytometry. a, Gating strategy and 
representative FACS plots, showing Hsp70 expression in sodium arsenite and/or 
leucinostatin-treated RPE cells; b, Mean percentage of arsenite- and/or 
leucinostatin-treated RPE cells expressing Hsp70; c, Mean Fluorescence Intensity 
(MFI) of Hsp70-expression, detected in treated, cultured RPE cells. Data are 
representative of three independent experiments. P < 0.05 was considered 
statistically significant. 

Activation of HSF1 by leucinostatin 

Induction of HSPs is regulated by translocated HSF1. Wieten et al. (2010b) have 
shown that carvacrol can enhance heat shock responses via activation of HSF1. To 
further examine if the HSP co-stimulatory effect of leucinostatin is mediated via 
HSF1, a reporter system was used (17). O23 cells carrying a luciferase reporter gene 
driven by the DNAJB1 (Hsp40) promoter were stressed by arsenite in the presence 
or absence of leucinostatin, as described previously for caravcrol. After 16 h, 
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luciferase activity was measured with the Promega Steady-Glo Luciferase Assay 
System (Fig. 7). We found that treatment with 5 μg/ml leucinostatin in the presence 
of 30 μM arsenite, and 1, 2, or 5 μg/ml leucinostatin in the presence 40 μM arsenite, 
activated transcription of the reporter from the Hsp40 promoter, which was in line 
with the postulated co-inducing effect. These results indicated that leucinostatin is 
able to promote the activation of HSF1. 

 
 
 
 

 

 

 

 

 

Fig. 7 HSF1 activated by leucinostatin in DNAJB1-luc-O23 reporter cells. Stable 
human DNAJB1-luc-O23 cells were treated with indicated concentrations of 
leucinostatin and sodium arsenite at 37 °C. Luciferase activity was measured after 
overnight incubation. 

Discussion 

Due to their many functions, RPE cells are a crucial cellular target during 
inflammation in a variety of ocular disorders. Various studies have shown that the 
morphology and functionality of RPE cells is changed in age-related macular 
degeneration (AMD) (23) and in retinitis pigmentosa (24). Therefore, modulation and 
regeneration of RPE cell functionality is becoming a promising therapeutic target for 
multiple eye diseases. Human ophthalmologists have endeavored in upregulating 
Hsp70 expression in RPE cells to improve RPE health and function by sublethal 
thermal irradiation (12, 13, 25), thus ameliorating ocular diseases. However, the 
damage threshold caused by sublethal thermal irradiation is difficult to define. 
Recently, compounds derived from food, herb, or approved drugs, such as carvacrol 
(21), celastrol (26) and geranyl geranyl acetone, (GGA) (27) that pharmacologically 
elevate the level of Hsp70 expression have gained more attention. In our study, we 
found that leucinostatin enhanced Hsp70 expression in arsenite-stressed canine 
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RPE cells in a dose-dependent fashion. Furthermore, leucinostatin increased the 
transcriptional activation of a heat shock promoter, heat shock factor-1. 

Although, the isolation of RPE cells has been described decades ago, there is no 
published protocol for isolation and culture canine RPE cells. Here, in order to find a 
reliable, effective, and reproducible approach for canine RPE cell isolation, we tried 
several published protocols used in other species (20, 28, 29). In our experience, it 
was very hard to just peel off the RPE sheet from canine choroid, which is a crucial 
step in isolation. When harvesting RPE cells by digesting choroid/RPE sheets, the 
RPE cells will be contaminated with fibroblasts or other melanocytes (data not 
shown). Also, the detachment of the RPE cells by dispase took a long time, which is 
not good for the viability of RPE cells. Therefore, our method was based on Toops 
et al., in which the eye cup is incubated with 0.05% trypsin to loosen PRE cells from 
choroid. 

Purity of human RPE primary cell cultures was determined by flow cytometric 
detection of the RPE cell specific protein, RPE65 (30). In our study, over 90% of 
canine RPE cells in passage 1 expressed the cytoplasmic RPE65 protein, as shown 
by both flow cytometry and immunocytochemistry. Furthermore, a decreasing 
expression of PRE65 and decreasing pigment production was seen in the following 
passages in longitudinal culture, which is in line with studies of human and bovine 
RPE cells (31-34). In our cultures, beginning at passage 4, primary canine RPE cells 
underwent a phenotypic change, from epithelial to mesenchymal morphology. 
Higher seeding densities of canine RPE cells contributed to maintenance of 
hexagonal morphology, RPE65 expression, and pigment production (data not 
shown). 

Therapeutic enhancement of HSP expression may facilitate refolding of proteins in 
cell stress situations and restore cellular stress resistance (35). In addition, such 
enhanced expression may lead to modulation of the immune response due to 
induction of HSP specific regulatory T cells (5). Interestingly, different studies show 
that enhanced expression of Hsp70 in the eye not only normalizes the physiology of 
RPE cells (8), but also modulates the T cell immune response (15), suggesting the 
therapeutic potential of Hsp70 (co-)induction in curing ocular diseases. In our study 
we chose arsenite as a stressor and we determined if arsenite was capable of 
inducing Hsp70 expression in canine RPE cells. We found that in vitro arsenite stress 
induced a time- and dose-dependent increase in expression of Hsp70 in canine RPE 
cells, which is in line with our previous work (17). Interestingly, this increase of Hsp70 
expression was further augmented in RPE cells by carvacrol administration which 
has been found to act as HSP co-inducer in various murine and human models (21). 
Using the same system, we found that leucinostatin, a candidate co-inducer, dose-
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dependently enhanced Hsp70 expression in arsenite-stressed cells, thus confirming 
that leucinostatin acts as a novel HSP co-inducer. 

The expression of inducible HSPs is initiated by the nuclear translocation of HSF1. 
HSP inducers or co-inducers can activate HSF and induce HSPs in different ways. 
Otaka et al showed that GGA could release HSF1 by binding to the C-terminus of 
Hsp70, resulting in induction of Hsp70 (27); geldanamycin binds to Hsp90 to 
dissociate HSF1, leading to HSP induction (36); and boosting of Hsp70 by celastrol 
(26) and paeoniflorin (37) is mediated by HSF1 activation. In view of this, we set out 
to further elucidate the HSP co-induction mechanism of leucinostatin, using the 
luciferase reporter O23-line. Leucinostatin appeared to be able to promote the 
activation of HSF1 to induce HSP expression in the O23 reporter cell line, which 
provides a mechanistic basis for therapeutic strategies aimed at upregulating Hsp70 
expression in RPE cells. 

In summary, we successfully isolated and cultured canine RPE cells, and obtained 
a pure primary RPE cell culture. We proved that arsenite stress induced a time- and 
dose-dependent increase in Hsp70 expression in canine RPE cells in vitro. We 
investigated leucinostatin as a novel HSP co-inducer and explored its Hsp70 
enhancing effects in arsenite-stressed RPE cells in a dose-dependent fashion. In 
addition, its Hsp70 inducing role in an HSF-1 dependent reporter system was shown. 
The present findings suggest that Hsp70 co-inducers like carvacrol and leucinostatin 
might be applied as (new) enhancers of induced Hsp70 expression, with a possible 
therapeutic application in inflammatory diseases of the eye.  
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Abstract 

The pathogenesis of many inflammatory diseases is associated with the uncontrolled 
activation of nuclear factor kappa B (NF-κB) in macrophages. Previous studies have 
shown that in various cell types, heat shock protein 70 (Hsp70) plays a crucial role 
in controlling NF-κB activity. So far, little is known about the role of Hsp70 in canine 
inflammatory processes. In this study we investigated the potential anti-inflammatory 
effects of Hsp70 in canine macrophages as well as the mechanisms underlying these 
effects. To this end, a canine macrophage cell line was stressed with arsenite, a 
chemical stressor, which upregulated Hsp70 expression as detected by flow 
cytometry and qPCR. A gene-edited version of this macrophage cell line lacking 
inducible Hsp70 was generated using CRISPR-Cas9 technology. To determine the 
effects of Hsp70 on macrophage inflammatory properties, arsenite-stressed wild-
type and Hsp70 knockout macrophages were exposed to lipopolysaccharide (LPS), 
and the expression of the inflammatory cytokines IL-6, IL-1β and TNF-α and levels 
of phosphorylated NF-κB were determined by qPCR and Western Blotting, 
respectively. Our results show that non-toxic concentrations of arsenite induced 
Hsp70 expression in canine macrophages; Hsp70 upregulation significantly inhibited 
the LPS-induced expression of the pro-inflammatory mediators TNF-α and IL-6, as 
well as NF-κB activation in canine macrophages. Furthermore, the gene editing of 
inducible Hsp70 by CRISPR-Cas9-mediated gene editing neutralized this inhibitory 
effect of cell stress on NF-κB activation and pro-inflammatory cytokine expression. 
Collectively, our study reveals that Hsp70 may regulate inflammatory responses 
through NF-κB activation and cytokine expression in canine macrophages. 

Keywords: macrophages; heat shock protein; NF-κB; cytokines 
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Introduction 

Macrophages constitute a major component of the innate immune response. They 
are originally derived from myeloid progenitors (1) and ubiquitously distributed 
throughout the body tissues, including lung, liver, gut and brain, comprising the 
innate defense against pathogen invasion and tissue damage. The cytokines 
produced by macrophages are initiators of inflammation. Macrophages are highly 
heterogeneous cells, showing high plasticity; their phenotype may change rapidly (2) 
in response to stimuli such as lipopolysaccharide (LPS) or interferon-γ (IFN-γ). 
Macrophage activation, which is associated with an inflammatory response, induces 
the production and secretion of a variety of inflammatory mediators, including 
interleukin-6 (IL-6), IL-1β, tumor necrosis factor-α (TNF-α) and nitric oxide (NO) (3, 
4). Under physiological conditions, the release of those inflammatory mediators 
tunes the immune response, facilitates the resolution of inflammation, and finally 
protects the organism from pathogen invasion. However, if the inflammatory 
response is out of control, the excessive release of those inflammatory mediators 
may result in chronic inflammatory diseases, including atopic dermatitis (5), 
inflammatory bowel disease (6), rheumatoid arthritis (7), diabetes (8), and even 
cancer (9). Thus, the modulation of those inflammatory mediators may have a 
potentially therapeutic effect on severe disease-associated inflammation. 

Nuclear factor kappa B (NF-κB) is the major regulator of pro-inflammatory gene 
expression in many cell types contributing to both acute and chronic inflammation. 
The NF-κB family is composed of five NF-κB subtypes, including RelA (p65), c-Rel, 
RelB, NF-κB1 (p50) and NF-κB2 (p52), of which p50/p65 forms the most abundant 
heterodimer. In resting cells, NF-κB is in an inactive state, bound by the inhibitor of 
the nuclear factor kappa B (IκB) inhibitory protein in the cytoplasm. Upon exposure 
to stimuli, the activation of IκB kinase (IKK) triggers the phosphorylation of IκB, 
resulting in IκB degradation by the ubiquitin proteasome system. Subsequently, the 
NF-κB complex, predominantly p50/p65, is released and phosphorylated, facilitating 
the nuclear translocation of NF-κB and binding to specific promoter sites, in order to 
induce pro-inflammatory gene expression (10, 11). It is well-established that NF-κB 
signaling plays a key role in the LPS-mediated induction of inflammatory cytokine 
expression in macrophages (12, 13). Sakai et al. showed that the stimulation of 
RAW264.7 cell-expressed toll-like receptor 4 (TLR4) by LPS initiated NF-κB 
translocation in a MyD88-dependent fashion (14). As macrophages express multiple 
TLRs, each of them recognizing different pathogen components, but all triggering 
the activation of NF-κB and inducing the secretion of cytokines and chemokines, 
e.g., IL-1β or IL-6 (15), NF-κB may be a suitable target to control macrophage-
induced inflammatory responses. 



Chapter 4 

84 

Heat shock proteins (HSPs) are a group of well-conserved stress proteins 
maintaining protein homeostasis by counteracting protein denaturation, preventing 
protein misfolding and assisting assembly. Recently, HSPs have been found to be 
associated with anti-inflammatory effects. Inducible Hsp70 is a representative 
member of the family of HSPs, and has been largely examined for its functions in 
stressed human and murine macrophages (16-18). The upregulation of Hsp70 by 
inducers such as celastrol was shown to inhibit the production of pro-inflammatory 
cytokines, such as TNF-α, IL-6 and IL-1β in BV2 cells (19), human retinal pigment 
epithelial cells (20), and human alveolar macrophages (21). Similarly, the 
overexpression of Hsp70 attenuates LPS-induced cytokine expression in 
macrophages (22) and microglia cells (23). An increasing number of studies have 
shown that the inflammation-inhibitory effects of Hsp70 may involve the regulation 
of NF-κB activity. For instance, Bhagat et al. have shown that Hsp70 protects against 
acute pancreatitis by preventing NF-κB activation (24). In addition, the 
overexpression of Hsp72 reduced NF-κB DNA binding activity (23). Some 
researchers also reported an interaction between Hsp70 and TRAF6, an essential 
activator of the NF-κB pathway (19, 25), thereby disturbing NF-κB activation and 
translocation. Those findings suggest that Hsp70 modulates NF-κB activity.  

So far, little is known about the role of Hsp70 in canine inflammatory processes. In 
this study, we demonstrated that the chemical stressor sodium arsenite dose-
dependently induced Hsp70 expression in a canine macrophage cell line. The 
upregulation of Hsp70 by arsenite decreased LPS-induced NF-κB phosphorylation 
and pro-inflammatory cytokine expression. Furthermore, the suppressive effects on 
NF-κB p65 activation and cytokine expression were abolished in Hsp70-deficient 
canine macrophages. Our results suggest that Hsp70 inducers are promising 
therapeutics for the treatment of inflammatory disease in dogs. 

Results 

Induction of Hsp70 in Arsenite-Stressed 030D Cells 

To investigate whether Hsp70 production can be induced in 030D cells, arsenite, as 
a known stressor that induces the cellular stress-response, was used (26, 27). The 
030D cells were incubated with various concentrations of arsenite, and the effects 
on Hsp70 expression were measured by flow cytometry and qPCR (Figure 1A, B 
and C). An upregulation of Hsp70 production was observed to occur in a dose-
dependent manner, with a significant upregulation at arsenite concentrations ranging 
from 0.625 µM to 10 µM. In contrast, LPS (1 µg/mL) only failed to induce Hsp70 
expression. 
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Figure 1. The induction of Hsp70 production in arsenite-stressed 030D cells. 030D 
cells were either left untreated, or exposed to the indicated concentrations of arsenite 
or LPS (1 µg/mL) for 16 h. (A) The percentages of Hsp70-positive cells detected by 
flow cytometry using FITC-labeled Hsp70 specific antibody. (B) Mean fluorescence 
intensities (MFI) of Hsp70 positive cells. (C) The mRNA expression of Hsp70 was 
measured by qPCR. Data are shown as the mean ± SD and are representative of 
three independent experiments. * p < 0.05, ** p < 0.01, vs. control group. 

Inhibition of Expression of LPS-Induced Pro-inflammatory 
Cytokines in Stressed 030D Cells 

Next, we tested the effect of cell stress on LPS-induced pro-inflammatory cytokine 
expression in 030D cells. The cells were pre-treated with arsenite at concentrations 
ranging from 1.25 µM to 10 µM for 16 h to induce Hsp70, and then stimulated with 1 
µg/mL LPS for 6 h. The expression of inducible Hsp70 was detected by qPCR. In 
line with our previous results in Figure 1, Hsp70 expression was dose-dependently 
induced regardless of LPS (Figure S2). The mRNA expression of three major pro-
inflammatory cytokines, IL-6, TNF-α and IL-1β, was assessed by qPCR. As shown 
in Figure 2, cells stressed with 1.25–10 µM arsenite showed a significantly reduced 
IL-6 and TNF-α expression compared to cells treated with LPS alone (Figure 2A and 
B). In contrast, the lower concentrations of arsenite failed to lower LPS-induced IL-
1β expression. IL-1β expression was only reduced in cells pre-treated with higher 
concentrations of arsenite (Figure 2C). 

 

 

 

Figure 2. The inhibition of expression of LPS-induced pro-inflammatory cytokines by 
cell stress in 030D cells. 030D cells were treated with various concentration of 
arsenite (1.25 µM to 10 µM) for 16 h as indicated. Next, left unstimulated or 
stimulated with 1 µg/mL LPS for 6 h. mRNA expression of IL-6 (A), TNF-α (B) and 
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IL-1β (C) was measured by qPCR. Data are shown as the mean ± SD and are 
representative of three independent experiments. * p < 0.05, ** p < 0.01, vs. LPS 
alone group. 

Effect of Arsenite on 030D Cell Viability 

To exclude the possibility that the observed cell stress-associated reduction in 
cytokine expression in LPS-treated 030D cells is due to the toxic effects of arsenite 
treatment, we assessed the metabolic activity of 030D exposed to arsenite in an 
MTT assay (Figure 3). While 030D’s metabolic activity was impaired at the higher 
concentrations, arsenite at concentrations ranging from 0.3125 to 2.5 µM did not 
have any effect on the ability of these cells to reduce MTT into formazan crystals. A 
similar result was found by cell counting after arsenite treatment (Figure S3). Thus, 
at concentrations of 2.5 µM and lower, arsenite is not cytotoxic for 030D cells, and 
was used for further experimentation. 

 

 

 

 

 

 

Figure 3. Effects of arsenite on the metabolic activity of 030D cells. 030D cells were 
incubated with the indicated concentrations of arsenite for 24 h. Metabolic activity, 
representative of cell viability, was evaluated in an MTT assay. Untreated cells were 
used as control. Y-axis: OD590, reflecting MTT reduction into purple colored 
formazan crystals which were solubilized before measurement (see Materials and 
Methods). Data are shown as the mean ± SD and representative of three 
independent experiments. * p < 0.05, ** p < 0.01, vs. control group. 

Effects of Cell Stress on NF-κB Phosphorylation in LPS-
Stimulated 030D Cells 

To examine whether the cell stress-induced downregulation of LPS-induced IL-6 and 
IL-1β or TNF-α expression is due to downregulation of NF-κB activity, 030D cells 
were treated with different concentrations of arsenite or left untreated for 16 h. 
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Subsequently, they were exposed to LPS and harvested after 5, 15, 30 and 60 min. 
The NF-κB p65 phosphorylation levels at Ser 536 were analyzed by Western 
Blotting. As shown in Figure 4, LPS treatment induced an increase in the levels of 
phosphorylated NF-κB p65 at Ser 536 detected in the whole cell lysates. In 
comparison, the levels of phosphorylated NF-κB p65 at Ser 536 were significantly 
lower in arsenite-treated cells at any time point tested, suggesting that cell stress 
inhibits cytosolic NF-κB p65 phosphorylation. 
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Figure 4. The effect of cell stress on NF-κB phosphorylation in LPS-stimulated 030D 
cells. The 030D cells were incubated with different concentrations (1.25 and 2.5 µM) 
of arsenite, or without, for 16 h, after which the cells were exposed to LPS and 
harvested at 5 min (A, E), 15 min (B, F), 30 min (C, G) and 60 min (D, H). Whole cell 
lysates were extracted and analyzed by Western Blotting. Control: untreated cells. 
Phosphorylated NF-κB and total NF-κB were detected with rabbit monoclonal anti-
phospho-NF-κB p65 and HRP-labeled swine-anti rabbit IgG, and mouse monoclonal 
anti- NF-κB p65 and HRP-labeled rabbit anti-mouse IgG, respectively. The 
densitometry of the protein bands was scanned and quantitated with Image labTM 
software 6.0.1 (E, F, G and H). The total NF-κB levels were used as an internal 
control. Data are shown as the mean ± SD and are representative of three 
independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001, vs. LPS alone 
group. 

Generation and Validation of Hsp70 Knockout of a 030D Cell Line 

To further confirm that cell stress-induced Hsp70 inhibited pro-inflammatory cytokine 
expression and NF-κB phosphorylation, gene-edited 030D cells were generated by 
targeting inducible Hsp70 with the CRISPR/Cas9 gene editing system (Figure 5A), 
as detailed in the Materials and Methods section. To validate the successful 
inactivation of the inducible Hsp70 gene, target site sequencing (Figure 5B, S4 and 
S5) and flow cytometry analysis (Figure 5C) were performed. As shown in Figure 
5C, arsenite stress induced Hsp70 expression in approximately 50% of wild-type 
030D cells, and most single cell colonies that had been subjected to gene editing 
lacked the expression of Hsp70 under these conditions (Figure S6). Among those 
colonies, clone 2 was selected for target site sequencing. We found that clone 2 has 
a 214 bp deletion (#2.1) between two gRNA targeting sites in one allele (#2.1), and 
the other allele has a 74 bp deletion and a 1 bp insertion (#2.2), compared to wild-
type 030D cells. 

The Effect of Hsp70 on Pro-inflammatory Cytokine Expression 
and NF-κB Phosphorylation 

To further confirm the role of cell stress-induced Hsp70 in attenuation of pro-
inflammatory cytokine expression and NF-κB phosphorylation, Hsp70 knockout 
030D cells (clone 2) were treated with arsenite and LPS, and then examined by 
qPCR for pro-inflammatory cytokine expression and Western Blotting for NF-κB 
activation. In contrast to our observations in wild-type 030D cells (Figure 2 and 
Figure S7D, E, F), arsenite treatment at non-toxic concentrations did not decrease 
LPS-induced IL-6 or TNF-α expression in Hsp70 knockout cells (Figure 6A, B and 
Figure S7A, B). As expected, LPS-induced IL-1β mRNA expression was also not 
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reduced (Figure 6C and Figure S7C). In agreement with these findings, arsenite-
treated Hsp70 knockout cells did not exhibit a decrease in the levels of LPS-induced 
NF-κB p65 phosphorylation at Ser 536. These data suggest that inducible Hsp70 
plays a pivotal role in the NF-κB signaling pathway. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Generation and validation of Hsp70 knockout in cells of the 030D cell line. 
(A) schematic diagram of the CRISPR-concatemer with 2 gRNAs and the targeting 
site of Hsp70 by guide RNAs (see Figure S4). (B) Sanger sequencing results of 
clone 2 (including two alleles) and alignment with wild-type 030D cell (-: deleted 
bases; +: inserted bases). (C) Flow cytometry analysis of knockout cell clones to 
evaluate the expression of Hsp70 in 030D cells under arsenite stress. Wild-type 
030D cells under arsenite stress were used as positive control. 
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Figure 6. The effect of a deficiency of inducible Hsp70 on pro-inflammatory cytokine 
expression and NF-κB phosphorylation. Hsp70 knockout 030D cells were treated 
with different concentrations (1.25, 2.5 or 5 µM) of arsenite, or without, for 16 h, and 
then exposed to LPS. The cells were harvested after 6 h (A, B and C) of LPS 
exposure. qPCR was performed to detect the expression of IL-6 (A), IL-1β (B) and 
TNF-α (C). For Western Blotting, the cells were harvested after 5 (D and H), 15 (E 
and I), 30 (F and J) and 60 (G and K) min of LPS exposure. Western Blotting was 
performed to detect levels of phosphorylated NF-κB and total NF-κB at certain time 
points. The densitometry of the protein bands was scanned and quantitated with 
Image labTM software 6.0.1. (H, I, J and K). The total NF-κB levels were used as an 
internal control. Data are shown as the mean ± SD and are representative of three 
independent experiments. *p < 0.05, ** p < 0.01 and ***p < 0.001 vs. LPS alone 
group. 

Discussion 

The abnormal activation of NF-κB in macrophages leads to excessive pro-
inflammatory cytokine expression, as can be seen in many inflammatory diseases, 
such as rheumatoid arthritis (11), neurodegenerative diseases (28), inflammatory 
bowel disease (29) and type I diabetes (30). Previous studies showed that Hsp70 
was implicated in inflammatory responses by modulating NF-κB activity (31-33). 
However, the potential anti-inflammatory effects of inducible Hsp70 in canine cell 
systems have remained unknown. In the present study, using arsenite as a chemical 
stressor to induce Hsp70, we showed that Hsp70 upregulation significantly inhibited 
the LPS-induced expression of the pro-inflammatory mediators TNF-α and IL-6, as 
well as NF-κB activation, in a canine macrophage cell line. Furthermore, the 
inactivation of inducible Hsp70 by CRISPR-Cas9-mediated gene editing neutralized 
this inhibitory effect of cell stress on NF-κB activation and pro-inflammatory cytokine 
expression. Taken together, our results indicate that the upregulation of Hsp70 plays 
a critical role in modulating LPS-induced NF-κB activation and cytokine expression. 

Although the inhibitory effects of Hsp70 on pro-inflammatory cytokines have been 
described in other cell types and animals, the profile of the cytokines suppressed by 
Hsp70 has remained controversial. A preceding study has indicated that the pro-
inflammatory cytokines TNF-α and IL-1β were significantly downregulated in brain 
ischemia and microglia by the overexpression of Hsp70 (34). Similarly, in murine 
Kupffer cells, the upregulation of Hsp70 induced by sodium arsenite not only 
inhibited the production of LPS-induced pro-inflammatory cytokines TNF-α and IL-
1β, but also anti-inflammatory cytokine IL-10 (35). Human monocyte-derived 
macrophages transfected with Hsp70 followed by exposure to LPS expressed less 
TNF-α, IL-1β, IL-12 and IL-10 at mRNA level, but not IL-6, compared to 
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macrophages transfected with Hsp70 anti-sense DNA (22). Nevertheless, in the 
murine microglial cell line BV-2, the pharmacological activation of Hsp70 by handelin 
significantly blocked the secretion of the pro-inflammatory cytokines TNF-α, IL-1β 
and IL-6 (19). In our study of canine macrophage cells, we found that the LPS-
induced upregulation of TNF-α and IL-6 mRNA was dramatically diminished upon 
cell stress. The reduction in pro-inflammatory cytokine transcription correlated with 
an increase in Hsp70 levels, and the levels of TNF-α and IL-6 mRNA remained intact 
when gene-edited Hsp70-deficient macrophages were used. The expression of IL-
1β mRNA was not inhibited in wild-type canine macrophage cells or in Hsp70-
deficient cells. IL-1β differs from other cytokines, as IL-1β expression depends on 
transcriptional and post-transcriptional processes (36). IL-1β levels are regulated by 
different signals, such as the cAMP-PKA pathway (37). In line with our data, the 
overexpression of Hsp70 significantly prevented TNF-α and IL-6 release and mRNA 
expression in rat macrophages (38) and tuberculosis patient’s macrophages (21). In 
view of the above studies, we speculate that the differences in the spectrum of 
regulation of the cytokines profile by Hsp70 may be caused by the differences in 
species and methods applied for Hsp70 induction.  

The activation of p65 leads to the transactivation of a variety of target genes, such 
as those coding for inflammatory cytokines, cell adhesion molecules and 
chemokines (39). The activation of p65, and thus NF-κB function, is controlled in part 
by phosphorylation. The p65 subunit of NF-κB possesses multiple serine (Ser) and 
threonine (Thr) residues that may be the subject of phosphorylation. Previous 
studies have shown that the phosphorylation of p65 on Ser 276, 529 and 536 
enhances the NF-κB-mediated transcription of inflammatory genes (40, 41); 
however, the phosphorylation of p65 on Thr 254 suppresses p65 activity (42). Yang 
et al. (43) found that LPS could induce the phosphorylation of p65 on Ser 536, which 
potentiated its translocation and enhanced the transcription of IL-6 and IL-1β in 
macrophages (44). Our results show that after exposure to LPS, canine 
macrophages exhibited a significant increase in p65 phosphorylated at Ser 536, 
while pre-treatment with non-toxic levels of arsenite attenuated this effect. These 
results suggest that the cell stress-induced upregulation of Hsp70 suppresses p65 
activation, thus inhibiting LPS-induced IL-6 and TNF-α expression in canine 
macrophages.  

Other studies have also shown that inducible Hsp70 may dampen the activation of 
NF-κB complexes. In the rat, the overexpression of Hsp70 blocked the LPS-induced 
increase in the production of IL-6 and TNF-α by preventing IκBα degradation and 
NF-κB p65 nuclear translocation (38). Similarly, in Hela cells (45) and human retinal 
pigment epithelial cells (20), Hsp70 upregulation reduced the phosphorylation of NF-
κB p65 and subsequent p65 DNA binding. Furthermore, in the first part of our 
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studies, we found that cell stress reduces LPS-induced NF-κB activation and pro-
inflammatory cytokine expression. To directly demonstrate that this occurs via 
elevation of the expression levels of Hsp70, we established a canine macrophage 
cell clone, lacking inducible Hsp70. Consistent with previous data, we found that in 
the absence of induced Hsp70, cell stress failed to attenuate the LPS-induced 
activation of NF-κB p65, and IL-6 and TNF-α expression. The specific molecular 
mechanism of interaction between Hsp70 and the NF-κB complex is still unclear.  

Previous studies indicated that Hsp70 recognizes short hydrophobic stretches within 
a protein sequence (46, 47). Bernd Bukau’s lab investigated in detail its substrate 
recognition principle, as a result providing a scoring matrix for determining possible 
binding sites within a protein sequence. A vast majority of proteins carry (multiple) 
Hsp70 binding sites (47, 48), and as such hydrophobic peptides are required for 
holding the 3D fold of a protein, constituting the hydrophobic core of a globular 
protein. Meanwhile, Hsp70 requires the extended conformation of its substrate in 
order to bind (49). We mapped the potential Hsp70 binding sites within the sequence 
of the p65 (RELA) protein as a model NF-κB member, and compared the localization 
of the binding peptides with known phosphorylation sites on p65 (see Figure S8). 
We found that the phosphorylation sites are located in proximity to the accessible 
chaperone binding peptides. Apart from p65, an interaction between Hsp70 and p50 
has also been reported (50). In addition, an earlier study by Bao et al. indicated that 
Hsp27 and Hsp70 interacted with IKKα and IκBα respectively in mice with liver injury, 
thereby inhibiting IκB degradation and NF-κB activation (51). A study by Chen et al. 
(25) showed that Hsp70 blocked IKKα/β phosphorylation by binding TNF receptor-
associated factor 6 (TRAF6), and thus inhibited LPS-induced NF-κB activation, but 
a direct interaction between Hsp70 and IKKα/β was not detected. Conversely, Ran 
et al. (52) reported that Hsp70 can decrease NF-κB activity by binding to IKKγ. In 
microglia subjected to treatment with TNF-α, the overexpression of Hsp70 not only 
reduced NF-κB DNA binding activity, but also the activity of IKK kinase and the 
phosphorylation level of IκBα (23). These different results suggest that Hsp70 may 
modulate the NF-κB pathway at different levels, but the reason for these differences 
requires further study. 

Taken together, the chemical stressor arsenite dose-dependently induced Hsp70 
expression in the canine macrophage cell line, and this increase in Hsp70 levels was 
sufficient to repress LPS-induced NF-κB p65 phosphorylation and pro-inflammatory 
cytokine expression. Moreover, the repressive effects on cytokine (IL-6 and TNF-α) 
expression and NF-κB p65 activation were abolished in the Hsp70-deficient canine 
macrophage. These data indicate that Hsp70 upregulation by cell stress can 
suppress the LPS-induced inflammatory response in canine macrophages by 
downregulating NF-κB p65 nuclear translocation and subsequent pro-inflammatory 
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cytokine expression (IL-6 and TNF-α). Our study suggests that Hsp70 could be a 
promising target for the development of anti-inflammatory therapeutics, and that the 
use of such therapeutics may extend to animal species such as the dog. 

Materials and Methods  

Cell Culture 

A canine histiocytic cell line 030D characterized as macrophages was used (53). 
Cells were grown in RPMI 1640 (Gibco, Cat. No. 72400) supplemented with 10% 
fetal bovine serum (BODINCO B. V., The Netherlands), 1% penicillin/streptomycin 
(Gibco, Cat. No. 15140122) at 37 °C and 5% CO2. 

Analysis of Hsp70 Expression in 030D Cells by Flow Cytometry 

The 030D cells were seeded into the wells of 12-well culture plates at a density of 1 
× 106 cells/well. After 6 h, non-adherent cells were removed and the adherent cells 
were incubated with or without various amounts (0.3125, 0.625, 1.25, 2.5, 5 and 10 
μM) of arsenite for 16 h. At different timepoints, the cells were washed twice with 
PBS and collected by treatment with 0.5 M EDTA (Invitrogen, Cat. No.15575020). 
To analyze inducible Hsp70 produced by 030D cells, the cells were fixed and 
permeabilized with Cytofix/Cytoperm solution (BD Pharmingen) for 30 min at 4 °C, 
followed by washing with Perm/Wash (BD Pharmingen) and blocking with 5% normal 
mouse serum. Then, cells were stained with either a fluorescein isothiocyanate 
(FITC) labeled Hsp70 specific monoclonal antibody (SPA-810; Stressgen) or with a 
corresponding isotype control, in Perm/Wash supplemented with 2% normal mouse 
serum. After washing, the cells were re-suspended in FACS buffer (2% BSA in PBS) 
and fluorescence was measured using a FACS Canto (BD Pharmingen) flow 
cytometer. Data were analyzed using FlowJo v10 Software. 

Analysis of IL-6, IL-1β, TNF-α and Hsp70 Expression by Real-Time 
PCR 

The 030D cells (1 × 106 cells/well) were incubated with or without various amounts 
(1.25, 2.5, 5 or 10 μM) of arsenite. After 16 h, the cells were exposed or unexposed 
to 1 μg/mL LPS (Sigma-Aldrich, Escherichia coli 0111:B4, Cat. No. L2630) for 6 h. 
The cells were harvested and total RNA was isolated using RNeasy kit (Qiagen, 
Venlo, The Netherlands), according to the manufacturer’s instructions. RNA was 
treated with DNase I (Qiagen, Cat. No. 79254) for 15 min to avoid DNA 
contamination. RNA concentration and quality were assessed by the measurement 
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of 260/280 ratio using a Nano-drop-1000 spectrophotometer. For reverse 
transcription to cDNA with an iScript™ cDNA Synthesis Kit (Bio-Rad) according to 
manufacturer’s instructions, 1 μg mRNA was used. 

Real time PCR for IL-6, TNF-α, IL-1β and Hsp70 mRNA detection was performed on 
a CFX Connect™ Real-Time System using iQ™ SYBR Green Supermix (Bio-Rad), 
applying the following cycle parameters: 3 min at 95 °C, followed by 40 cycles of 20 
s at 95 °C and 45 s at 60 °C. Canine IL-6, TNF-α, IL-1β and Hsp70 primers were 
synthesized by Invitrogen. The primer sequences were the following: IL-6, forward 
primer 5′-TCCTGGTGATGGCTACTGCTT-3′, reverse primer 5′-GAC TAT TTG AAG 
TGG CAT CAT CCT T-3; IL-1β, forward primer 5′- TCT CCC ACC AGC TCT GTA 
ACA A-3′, reverse primer 5′- GCA GGG CTT CTT CAG CTT CTC-3′; TNF-α, forward 
primer 5′-CCC CGG GCT CCA GAA GGT G-3′, reverse primer 5′- GCA GCA GGC 
AGA AGA GTG TGG TG-3′; and Hsp70, forward primer 5′-TTC TTT AAC GGC CGC 
GAT CT-3′, reverse primer 5′-GGT TGT CCG AGT AGG TGG TG-3′. The Ribosomal 
Protein S19 (RPS19) gene was used as a reference gene (forward primer: 5′-CCT 
TCC TCA AAA AGT CTG GG-3′, reverse primer: 5′-GTT CTC ATC GTA GGG AGC 
AAG-3′). Relative expression of mRNA was calculated by the Pfaffl-method. 

Cell Viability Assay 

In order to evaluate the potential toxicity of arsenite for 030D cells, a 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay was used to 
assess cell metabolism. Briefly, 1 × 104 cells/well 030D cells were placed in a 96-
well plate. After 6 h of incubation, non-adherent cells were removed. Adherent cells 
were placed in various concentrations of arsenite (0.3125, 0.625, 1.25, 2.5, 5 and 10 
μM) and incubated for 24 h at 37 °C and 5% CO2. Then, 100 μL 1 mg/mL MTT 
(Abcam, Cat. No. ab146345) was added to each well and after 4 h the medium was 
aspirated. Formazan crystals that had formed through cell respiration were dissolved 
in 150 μL dimethyl sulfoxide (DMSO). Absorbance was read at 595 nm using a Model 
550 Microplate Reader (Bio-Rad, The Netherlands). Cells cultured in medium only 
were used as control. Each treatment was performed in triplicate and all assays were 
performed 3 times at least. 

Assessment of NF-κB Activation by Western Blot 

The 030D cells were seeded into a 6-well plate at a density of 2 × 106 cells/well. After 
6 h, non-adherent cells were removed, and the adherent cells were incubated with 
or without various amounts (1.25 and 2.5 μM) of arsenite. After 16 h, cells were 
exposed to 1 μg/mL LPS (Sigma-Aldrich, Escherichia coli 0111:B4, Cat. No. L2630) 
for 5, 15, 30 and 60 min. Subsequently the cells were washed twice with cold PBS 
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and harvested by treatment with 0.5 M EDTA following centrifugation at 3000× g for 
10 min. Pelleted cells were lysed with Pierce™ RIPA Buffer (Thermo Scientific, Cat. 
No. 89900) with protease inhibitors (Roche, Cat. No. 11826170001) for 20–30 min 
on ice and then centrifuged at 14,000× g for 15 min at 4 °C. The protein contents in 
the lysates were measured using a Micro BCA™ Protein Assay Kit (Thermo 
Scientific, Cat. No. 23235) according to manufacturer’s instructions. Proteins were 
denatured in laemmli buffer with 10% β-Mercaptoethanol at 60 °C for 30 min, and 
aliquots were stored at –70 °C prior to analysis. 

For Western Blot analysis, protein samples (30 μg) were subjected to PAGE using 
4–20% Mini-PROTEAN® TGX™ Gels (Bio-Rad, Cat. No. 456-1095) and then 
transferred onto the PVDF membrane. This membrane was blocked for 2 h at room 
temperature with 0.2% gelatin (Sigma-Aldrich, Cat. No. G7765) in PBS with 0.01% 
Tween-20, and then incubated with rabbit monoclonal anti-phospho-NF-κB p65 (Ser 
536) (1:1000; Thermo Scientific, Cat. No. MA5-15160) or mouse monoclonal anti-
NF-κB p65 (Ser 536) (1:4000; Thermo Scientific, Cat. No. 436700) overnight at 4 °C.
After four repetitions of rinsing in PBST, the membrane was incubated with HRP-
labeled swine-anti rabbit IgG (1:2000; Dako, Cat. No. P0399) or rabbit anti-mouse
IgG (1:5000; Dako, Cat. No. P0260) for 2 h at room temperature. The HRP signal
was enhanced using SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Scientific, Cat. No. 34580) according to the manufacturer’s instructions, and
visualized using a Gel Doc™ XR+ Molecular Imager (Bio-Rad). The density of bands
was analyzed by Image Lab Software (Bio-Rad).

Design of Guide RNA for Hsp70 Knockout and Cloning 

The guide RNAs for targeting Canine Hsp70 (Gene ID: 403612) were designed using 
the website http://www.benchling.com (Benchling, San Francisco, CA, USA) and 
synthesized by Invitrogen. To enhance the chance of knockout, two gRNAs were 
designed, and the overhangs of a specific CRISPR-concatemer vector (54) were 
added to each gRNA oligo. The sequences are shown in Table 1. The gRNAs were 
cloned into a CRISPR-concatemer vector (Figure 5A) (kind gift from Dr. Merenda) 
as described by Merenda, Alessandra, et al. (54). Briefly, 5′ ends of gRNA oligos (10 
μM) were phosphorylated and annealed with T4 PNK (Biolabs, Cat. No. M0201S) 
using the following cycle parameters: 30 min at 37 °C, 5 min at 95 °C, then ramp 
down to 25 °C at 0.3 °C/min and 4 °C. Subsequently, the annealed gRNAs were 
ligated into the CRISPR-concatemer vector using 100 ng CRISPR-concatemer 
vector, 10.0 μL oligo mixture, 1.0 μL BSA-containing restriction enzyme buffer (10×), 
1.0 μL DTT (10 mM), 1.0 μL ATP (10 mM), 1.0 μL BbsI, 1.0 μL T7 ligase, 5.0 μL 
H2O, and the following cycle parameters: 25 cycles of 5 min at 37 °C and 5 min at 
21 °C, hold for 15 min at 37 °C and then 4 °C forever. Ligated CRISPR-concatemer 
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vectors were transformed into DH5α. Clones were grown overnight at 37 °C in a 
shaking incubator and DNA was extracted using Zyppy™ Plasmid Miniprep kit (Cat. 
No. D4020). A quantity of 200 ng DNA was digested with 10 U EcoRI and 5 U BglII 
at 37 °C for 3 h, and run on 1% agarose gel to select CRISPR-concatemer vectors 
containing gRNA. Single digests with BbsI were used as control. Sequences of 
selected constructs were confirmed by Sanger sequencing. 

Table 1. Hsp70 guide RNA ([gRNA]) and overhangs (guide RNA cassette). 

Cassette 1 Cassette 2 

Forward sequence 

(5′-3′) 

CACCGG[TCCATCCTG
ACGATCGACGA]GT 

ACCGG[CGGCACGGT
GATCACCGCGT]G 

Reverse sequence 

(5′-3′) 

TAAAAC[TCGTCGATC
GTCAGGATGGA]CC 

AAAAC[ACGCGGTGAT
CACCGTGCCG]C 

Establishment of a Hsp70 Knockout 030D Cell Line and Validation 

A Hsp70 knockout 030D cell line was generated as previously described (55). Briefly, 
2 × 107 cells were harvested and incubated with 10 μg cas9 and 5 μg Hsp70 gRNA 
for 10 min at room temperature. Cells were then transferred into a 0.4 cm gap 
electroporation cuvette (Bio-Rad, Cat. No. 1652081) and electroporated using a 
Gene Pulser® II Electroporation System (Bio-Rad) with settings: 250 V, 975 μF, 
resistance set to infinity. Cells were seeded in a 6 cm dish with warm medium, and 
48 h later 5 μg/mL puromycin (Sigma-Aldrich, Cat. No. P9620) was added to the 
culture medium for another 48 h, to select gene-edited cells. Five days after 
selection, single cell sorting was performed using a BD Influx™ cell sorter (BD 
Biosciences, USA), and cells were seeded in a 96-well plate. After 2 weeks 
expansion of individual colonies, Hsp70 expression was analyzed by flow cytometry 
to detect clones lacking the expression of inducible Hsp70. Genomic DNA from these 
cells was isolated using the PureLink™ Genomic DNA Mini Kit (Cat. No. K182002) 
according to the manufacturer’s instructions. PCR was performed using Hsp70 
primers (forward: 5′-TGA GCT ACA AGG GGG AGA-3′, reverse: 5′-TGG TGA TGG 
ACG TGT AGA-3′) that cover the restriction sites, and PCR products were sent to 
Macrogen (The Netherlands) for sequencing, to confirm Hsp70 gene editing. 
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Statistical Analysis 

The statistical analysis and graphical display were performed using GraphPad Prism 
8.3.0. Data are shown as the mean ± SD. Comparison among groups was performed 
by one-way ANOVA test with Bonferroni correction. p-values below 0.05 were 
regarded as statistically significant. 

Supplementary Materials: Supplementary Materials can be found at
http://www.mdpi.com/1422-0067/21/18/6464/s1. 
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Abbreviations 

Hsp70 Heat shock protein70 

NF-κB nuclear factor kappa light chain enhancer of activated B cells 

TNF-α Tumor necrosis factor α 

CRISPR Clustered regularly interspaced short palindromic repeat 

Cas CRISPR-associated 

LPS Lipopolysaccharide 

qPCR Quantitative polymerase chain reaction 

IL-6 Interleukin 6 

gRNA Guide ribonucleic acid 

IκB Inhibitor of nuclear factor kappa B 

TLR toll-like receptor 

NO Nitric oxide 
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Supplementary materials 

Figure S2. The expression of Hsp70 by 030D cells after arsenite and LPS 
stimulation. 030D cells were treated with various concentration of arsenite (1.25 µM 
to 10 µM) for 16 h as indicated. Then they were left unstimulated or stimulated with 
1 µg/mL LPS for 6 h. mRNA expression of Hsp70 was measured by qPCR. Data are 
shown as the mean ± SD and are representative of three independent experiments. 
*p < 0.05, **p < 0.01, vs LPS alone group.

Figure S3. Effects of arsenite on the metabolic activity of 030D cells. 030D cells (2× 
105 cells/well) were incubated with the indicated concentrations of arsenite for 24 h. 
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Living 030D cells were counted. Untreated cells were used as control. Data are 
shown as the mean ± SD and representative of three independent experiments. *p 
< 0.05, **p<0.01, vs control group. 

 

 

Figure S4. Targeting sites of gRNA 

 

 

Figure S5. Validation of Hsp70 gene modification in 030D cell clones. Genomic DNA 
from these cells was isolated. PCR was performed using Hsp70 primers that cover 
the restriction sites and PCR products were visualized by gel electrophoresis on 1% 
agarose gel. Clone 1, clone 2 and clone 6 are gene-modified. WT = wild type 
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Figure S6. Flow cytometry analysis of gene-modified cell clones (1-22) to evaluate 
the expression of Hsp70 in 030D cells 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. The effect of inducible Hsp70 on pro-inflammatory cytokine expression. 
A second Hsp70 knockout 030D clone, clone5 (A, B, C) and corresponding 
CRISPER/Cas9-treated wild type-like clones, clone 3 (D, E, F) were treated with 
different concentrations (1.25, 2.5 or 5 µM) of arsenite or without for 16 h and then 
exposed to LPS. The cells were harvested after 6 h of LPS exposure. qPCR were 
performed to detect the expression of IL-6 (A), IL-1β (B) and TNF-α (C) on clone 5 
and clone 3 (D, E, and F, respectively). Data are shown as the mean ± SD and are 
representative of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 
0.001, vs LPS alone group 
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Figure S8. The prediction of the Hsp70 binding sites on p65 (RELA) protein. (A) 
shows the amino acid sequence of canine p65. (B) shows that the amino acid 
sequence of murine p65 (UniProt ID: Q04207) is strongly similar to canine p65 
(UniProt ID: F1PCU1). Black triangle representative reported phosphorylation sites; 
green: predicted Hsp70 binding sites on p65. 
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Abstract 

Macrophages can be differentiated into multiple functional subsets under different 
micro-environment. Identification of macrophage polarization states is valuable for 
the study of immune‑related diseases. However, knowledge about dog monocyte-
derived macrophages is still considerably lacking. In this study, we isolated dog 
monocytes and polarized these with GM-CSF, IFN-γ and LPS towards an M1, or M-
CSF and IL-4 towards an M2 phenotype, and with unpolarized M0 as control. 
Polarized macrophage subsets were thoroughly characterized based on 
morphology, surface makers feature, gene profiles and functional properties. Our 
results showed that M1-polarized macrophages appeared as round cells with a 
dominant amoeboid and “fried-egg” phenotype, while M2-polarized macrophages 
obtained an elongated spindle morphology. Phenotypically, M1-polarized 
macrophages expressed high levels of CD40, CD80, CD86 and MHC II, while a 
significant increase in the expression levels of CD206, CD209, CD163, and CD32 
was observed in M2-polarized macrophages. The RNA sequencing results showed 
that M1 and M2-polarized macrophages have distinct gene profiles, which are 
closely associated with immune response, cell differentiation and phagocytosis. 
Functionally, all three polarization states of dog monocyte-derived macrophages can 
phagocytose latex beads, M2-polarized macrophages exhibited the strongest 
phagocytic capacity compared to M0- and M1-polarized macrophages. With our 
work, we contribute to a better understanding on canine macrophage biology and 
immune system. 

Keywords: dog monocyte-derived macrophages, macrophage morphology,
surface markers, gene profiles, phagocytosis 
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Introduction  

Macrophages are a group of heterogeneous innate immune cells originated mainly 
from hematopoietic stem cells (HSCs), yolk sac or fetal liver, acting as sentinel of 
immune system (1). After birth, monocytes derived from HSCs are the main source 
of tissue-resident macrophages (2). Macrophages are highlighted by high plasticity 
and functional diversity, therefore macrophages can be differentiated into multiple 
functional subsets in different micro-environments (3). Based on phenotypic and 
functional features, macrophages can be roughly classified into two groups, known 
as the classically activated macrophage (M1) and the alternatively activated 
macrophage (M2), which present in different phase of inflammation or infection (4). 
Classically, during inflammation or infection, inflamed tissues are stimulated and 
start to express recruitment-related cytokines, chemokines and adhesion molecules, 
such as IL-6, C-C Motif Chemokine Ligand 2 (CCL2), and Intercellular Adhesion 
Molecule 1 (ICAM1), which recruit circulating monocytes to infiltrate and migrate to 
the inflammatory site (5, 6). There, monocytes are differentiated into M1 
macrophages in response to pathogens, cytokines, or chemokines in the local 
environment. Activated M1 cells become bigger with ruffling of the plasma 
membrane and stretched out pseudopods, which help macrophages phagocytize 
and digest pathogens (7). Activated M1 macrophages secret a variety of cytokines 
and chemokines to recruit other immune cells, such as B cells and T cells. 
Simultaneously, co-stimulatory molecules CD40, CD80, CD86, and MHC II, MHC I 
are upregulated, which contribute to the interaction between macrophages and T, B 
cells (8). In the later phase of inflammation, M1 cells undergo apoptosis, and the 
inflammatory response is then dominated by M2 cells. The M2 phenotype mitigates 
the inflammatory process and starts the resolution of inflammation and tissue repair 
by releasing anti-inflammatory cytokines, like IL-10 or TGF-β (9). Phagocytosis-
related molecules, such CD206, CD209 and CD163, are expressed by M2 cells, 
which help to clean pathogens, apoptotic cells and debris (10). Besides, the 
expression of Fc receptors, such as FcγR I, II and III, also enhance phagocytosis of 
M1 and M2 macrophages (11). Combined, M1 and M2 macrophages show 
noticeable differences during polarization in morphology, surface markers 
expression, cytokines secretion and phagocytic capacity. These differences offer a 
powerful tool to characterize macrophages subsets in in vitro studies. 

In vitro, monocytes from peripheral blood mononuclear cells (PBMCs) can be 
polarized into various macrophage subsets such as M1, M2a, M2b and M2c by 
different stimuli. In the presence of granulocyte-macrophage colony-stimulating 
factor (GM-CSF), monocytes are differentiated toward the M1 subsets by microbial 
component such as lipopolysaccharide (LPS) in combination with Th1 cytokines, like 
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IFN-γ, or TNF-α (12). M1 cells exhibit pro-inflammatory properties by secreting 
cytokines like IL-6, IL-12, IL-23, IL-1β and TNF-α (12). In contrast, M2 cells are 
oriented by Th2-type cytokines, such as IL-4, IL-10, and IL-13. In the presence of 
macrophage-colony stimulating factor (M-CSF), M2a and M2c subsets can be 
induced by incubation with IL-4/IL-13 and IL-10, respectively; M2b subsets are 
generated by exposure to immune complexes and TLR agonists (13-15). M2 cells 
dominantly secrete IL-10 and TGF-β, displaying an anti-inflammatory role (14). Thus, 
the functions and phenotypes of macrophages can shift along with micro-
environment (16, 17). Previous studies have shown that dysfunction of macrophage 
polarization is involved in many immune diseases, such as autoimmune diseases, 
cancers, and chronic inflammatory diseases (18-20). Consequently, exploring the 
function of macrophages plays an important role in studying the onset and 
progression of many diseases. 

Dogs are considered as an attractive animal model due to natural development of 
many immunological diseases. So far, hundreds of spontaneous inherited diseases 
have been characterized in dogs, most of which have clinically and genetically 
similarity to human diseases (21-23), including lymphomas, osteosarcoma, 
autoimmune haemolytic anemia and atopic dermatitis (24-26). Considering the 
importance of macrophages in these diseases, well-characterized dog macrophages 
are a valuable tool for canine immunological studies as well as for human studies 
using as a translation animal model.  However, specific phenotypic M1 and M2 
markers have not been identified in dog. Compared to studies on human and mouse 
macrophages, the knowledge about the characterization of dog monocyte-derived 
macrophages (MDMs) is considerably lacking.  

In this study, we successfully cultured and polarized dog macrophages with a 
modified protocol. Subsequently, we described morphological differences between 
polarized dog MDMs. Then, we evaluated the expression of surface markers and 
differences in transcriptomics in M1 and M2 MDMs by flow cytometry and mRNA 
sequencing, respectively. Finally, we assessed phagocytosis of polarized dog 
MDMs. 

Materials and methods 

Dog PBMCs and monocytes isolation 

Collection of dog blood samples, buffy coats, was conducted by professional 
veterinarians in the department of clinical Sciences of Companion Animals of Utrecht 
University. The use of buffy coat was approved for these experiments by the Utrecht 
University animal experiments committee. 
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Peripheral blood mononuclear cells (PBMCs) were isolated from dog buffy coats by 
gradient centrifugation using Histopaque-1077 (Sigma Aldrich, Gillingham, United 
Kingdom). Briefly, buffy coats from dog donors were diluted 1:1 in phosphate 
buffered saline (PBS) and gently layered over 1 volume of Histopaque-1077. The 
mixture was centrifuged for 30 min at 800 ×g at room temperature without braking. 
The layer of PBMCs located between plasma and Histopaque-1077 was collected 
using a Pasteur pipette and washed three times with PBS containing 0.5% fetal calf 
serum (FCS) and 2 mM EDTA (MACS buffer). Subsequently, monocytes were 
enriched by MACS column and a MACS separator using an anti-CD14 antibody (see 
table 1) and anti-mouse IgG Microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany). Briefly, harvested dog PBMCs were incubated with anti-CD14 antibody 
(1:100) on ice for 30 min. After washing with MACS buffer, cells were incubated with 
anti-mouse IgG Microbeads for 30 min on ice, according to the manufacturers’ 
instructions. Afterwards, labeled cells were washed using MACS buffer and then 
placed in a LS magnetic column (Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany) which was fixed on a MACS separator. CD14 labeled cells were retained 
in the column after 3 times rinsing with MACS buffer. Then the column was moved 
away from magnetic field, followed by the elution and collection of CD14+ cells.  

Culture and polarization of dog monocyte-derived macrophages 

Newly isolated CD14+ monocytes were seeded in a 24-well plate at a density of 
7.5×105 cells/well. Cells were cultured in RPMI-1640 GultaMAX (Life TechnologiesTM 
Ltd., Paisley, Scotland, UK) supplemented with 5% fetal bovine serum (BODINCO 
B.V., The Netherlands), and 1% penicillin/streptomycin (Life TechnologiesTM Ltd., 
Paisley, Scotland, UK) at 37 °C and 5% CO2. To generate monocyte-derived 
macrophages (MDMs), dog CD14+ monocytes were treated with canine recombinant 
GM-CSF (R&D systems, Abingdon, United Kingdom) and recombinant human 
macrophage colony stimulating factor (M-CSF) (GibcoTM, Thermo Fisher Scientific, 
Carlsbad, USA) for 7 days to differentiate M1 and M2 macrophages, respectively. 
The medium was refreshed every 2 days. On day 5, GM-CSF treated monocytes 
were classically activated with 20 ng/ml recombinant canine IFN-γ (R&D system, 
Abingdon, United Kingdom) and 100 ng/ml LPS from Escherichia coli O111:B4 
(Sigma-Aldrich, Saint Louis, MO, USA) for M1 polarization; M-CSF treated 
monocytes were alternatively activated with 40 ng/ml recombinant canine IL-4 (R&D 
system, Abingdon, United Kingdom) for M2 polarization. Monocytes without any 
stimulation were cultured in the same conditions serving as controls (M0 
macrophages). Cells were harvested on day 7 for phenotype assay, mRNA isolation 
and phagocytosis assay. 
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Morphological characterization of dog monocyte-derived 
macrophages by Phase-contrast microscopy 

After 3, 5, and 7 days culture, the morphology of polarized cells and control were 
examined using a phase-contrast microscope, Nikon eclipse TS100 inverted 
microscope (Nikon Instruments Europe B.V., Amstelveen, The Netherlands) and 
ImageFocus v3.0.0.2. Pictures were processed using Fiji ImageJ. 

Phenotypic Analysis of dog monocyte-derived macrophages 
(MDMs) by flow cytometry 

After 7 days of polarization, adherent macrophages were rinsed with cold PBS and 
collected using a cell scraper. Cells were counted and washed, followed by placing 
on a round-bottom 96-well plate at a concentration of 2×105 cells/well. After 30 min 
blocking with 10% autologous dog serum, surface marker expression of M0, M1 and 
M2 macrophages was examined with a panel of surface markers including CD14, 
CD40, CD80, MHC II, CD206, CD209, CD83, CD163, CD86, CD32, CD11b (all 
antibodies are listed in Table 1). For fluorochrome-conjugated antibodies, cells were 
incubated on ice for 30 min, followed by washing three times, after which the cells 
were measured. Corresponding secondary antibodies and streptavidin conjugates 
(see Table 1) were used to stain unconjugated or biotin-conjugated antibodies. Dog 
MDMs were washed three time with FACS buffer (2% FCS in PBS) between staining 
steps. Isotype control for each antibody was included. ViaKrome 808 Fixable Viability 
Dye (Beckman Coulter, Woerden, Netherlands) was used for the discrimination of 
live and dead macrophages. Surface marker expression on macrophages was 
measured by CytoFLEX LX flow cytometer (Beckman Coulter Inc., Brea, CA, USA). 
FlowJo Software v. 10.5 (FlowJo LCC, Ashland, OR, USA) was used to analyze 
FACS data. 

RNA isolation, library preparation and RNA sequencing for dog 
MDMs 

After 7 days polarization as described above, the Qiagen RNeasy mini kit was used 
to extract total RNA from M0, M1 and M2 macrophages. In addition, newly isolated 
CD14+ cell and CD14 depletion (CD14D) population were also included. RNA 
concentration was measured using a NanoDrop-1000 Spectrophotometer (Isogen 
Lifescience B.V., Utrecth, The Netherlands). RNA quality, library preparation and 
RNA sequencing were done by Novogene Co., Ltd. More specifically, RNA samples 
were analyzed on a 1% agarose gels and a NanoPhotometer spectrophotometer 
(IMPLEN, CA, USA) to monitor RNA degradation, contamination, and purity. The 
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RNA Nano 6000 Assay Kit from the bioanalyzer 2100 system (Afilent Technologies, 
CA, USA) was used to assessed RNA integrity and quantitation. RNA samples with 
RNA Integrity Number (RIN) ≥ 8 were included in the following analysis. 

Following quality control of RNA, up to 1 μg RNA per sample was used for library 
preparation using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) 
according to manufacturer’s instructions. Briefly, PolyA-containing mRNA was 
enriched from total RNA using poly-T oligo-attached magnetic beads. RNA 
fragmentation was performed using divalent cations under elevated temperature in 
NEBNext First Strand Synthesis Reaction Buffer (5×). First-strand cDNA was 
synthesized using M-MuLV Reverse Transcriptase (RNase H-) with random 
hexamer primer. Second-strand cDNA was synthesized using DNA Polymerase I 
and RNase H. Next, 3’ end adenylation and adaptor ligation were carried out. 150-
200 bp cDNA fragments were purified with AMPure XP system (Beckman Coulter, 
Beverly, USA) for library fragments, which further amplified with PCR process. 
Library quality was evaluated using the Agilent Bioanalyzer 2100 system. 
Subsequently, cluster generation was carried out on a cBot Cluster Generation 
System using PE Cluster Kit cBot-HS (Illumina). Finally, the sequencing was 
performed on a NovaSeq 6000 System (Illumina, San Diego, CA) with paired-end 
read configuration. 

Reads processing and Differential expression analysis from 
RNA-seq data 

In order to get clean reads, reads meeting the following conditions were filtered out 
from the sequenced/raw reads: 1) containing adapters, 2) the quality value of over 
50% bases of the read is less than or equal to 5, 3) percentage of non-determined 
bases is over 10%. Clean reads were mapped to the Canis familiris.canfam 3.1 
reference genome using HISAT2 software v2.0.5 (27, 28). 

Differential gene expression between groups was calculated using DESeq2 package 
from Bioconductor with default parameters in R program. Transcripts with read 
counts < 2 were filtered out from DEG testing. Genes with |log2(fold change)| ≥ 1 and 
adjusted p value < 0.05 were considered as differentially expressed genes (DEGs). 
DEGs were assessed through 6 group comparisons: M0 vs M1, M0 vs M2, M1 vs 
M2, CD14 vs M0, CD14 vs M1, and CD14 vs M2. Heat map generation and cluster 
analysis were performed using R package “pheatmap”. Volcano plots generating 
with “ggplot2” in R packages displayed DEGs for each comparison. Principal 
component analysis (PCA) was conducted based on normalized Fragments Per 
Kilobase Million (FPKM) to show the similarity and difference of M0, M1, M2, CD14 
and CD14D populations. 
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Gene Ontology (GO) enrichment analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) Pathway 
enrichment analysis 

The annotation of sorted DEGs were performed using the GO and KEGG database. 
DEGs from each group comparison were used for GO and KEGG enrichment 
analysis using the R package ClusterProfiler v3.8.1. GO terms enriched within 
Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) 
were assessed. In addition, the enrichment of DEGs within KEGG pathways were 
explored.  The difference between compared groups was evaluated using Gene Set 
Enrichment Analysis (GSEA). Go terms and KEGG pathways with corrected p value 
< 0.05 were determined as statistically significantly enrichment. The top 20 most 
enriched GO terms and KEGG pathways in DEGs were shown. 

Flow cytometry to assess Non-specific phagocytosis of dog 
MDMs 

Dog CD14+ monocytes were polarized and activated as described above. one μm 
crimson carboxylate-modified FluoSpheres fluorescent beads (Life Technologies 
Corporation, Eugene, USA) were used to assess phagocytic ability of MDMs. Briefly, 
MDMs were co-cultured with FluoSpheres fluorescent beads at a ratio of 1:10 (bead : 
cell) for 4 h on day 7. To exclude unengulfed beads, MDMs were washed three times 
with PBS and harvested by scraping. Then MDMs were placed in a U-bottom 96-
well plate, followed by staining of the cells for viability with ViaKrome 808 Fixable 
Viability Dye (Beckman Coulter, Woerden, Netherlands) on ice. After 30 min, MDMs 
were washed twice with FACS buffer and fixed in 4% paraformaldehyde (Alfa Aesar, 
Kandel, Germany) for 15 min at room temperature. Next, MDMs were washed and 
resuspended in FACS buffer. Internalization of beads by MDMs was analyzed on 
CytoFLEX LX flow cytometer (Beckman Coulter Inc., CA, USA) using 638 nm laser 
and 660/10 fluorescent channel. Results were processed with FlowJo Software 
v.10.5 (FlowJo LCC, Ashland, USA) and GraphPad Prism 8.3.0 (Graphpad Software
LLC., San Diego, USA). The first positive peak present in the histogram was
regarded as cells containing a single bead. M0 macrophages were considered as
control. Data are expressed as the percentage of phagocytic cells, geometric mean
fluorescence intensity (gMFI) and fold change in bead uptake, which were calculated
using the following formula (29):

Bead/cell= MFItotal

MFI1bead/cell
 and fold change= beads/cellM1 or M2

beads/cellM0 
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Confocal microscopy to evaluate non-specific phagocytosis of 
MDMs 

To confirm the internalization of MDMs, CD14+ monocytes were grown on sterilized 
12 mm coverslips in a 24-well plate. After 7 days of polarization and activation, 1 μm 
crimson carboxylate-modified FluoSpheres fluorescent beads (Life Technologies 
Corporation, Eugene, USA) were added into the 24-well plate at a ratio of 1:10 
(beads : cells), and incubated for 4 h at 37 °C. Then unengulfed beads were washed 
away from the plate using cold Hank’s balanced salt solution (HBSS) (Gibco, Paisley, 
UK). MDMs were subsequently stained with 2 μg/ml Alexa Fluor 488 conjugated 
Wheat germ agglutinin (WGA) (Life Technologies Corporation, Eugene, USA) in 
HBSS at 37 °C. 10 min later, MDMs were rinsed twice with cold HBSS and fixed in 
4% paraformaldehyde, for 15 min at room temperature. The cover slips containing 
the MDMs were washed twice again before mounting on polysine slides (Thermo 
Scientific, Braunschweig, Germany). FluorSave Reagent (Millipore, San Diego, 
USA) was used as mounting reagent. Finally, the phagocytosis of MDMs was 
visualized using Leica TCS SPE-II and LAS-AF software (Leica Microsystems B.V., 
Amsterdam, The Netherlands) with 488 and 638 nm laser. In order to determine 
successful beads uptake, z-stacks was performed during imaging. Microscopic 
images analysis and 3D construction were performed using Fiji ImageJ. 

Statistical Analysis 

GraphPad Prism 8.3.0 (Graphpad Software LLC., San Diego, USA) was used to 
evaluate statistical significance. Statistical significance among M0, M1 and M2 cells 
was analyzed using one-way ANONA test with multiple comparisons. If there were 
missing values, a mixed effects model was used. Data are reported as mean ± SD. 
mRNA sequencing data was analyzed using R program and appropriate R packages 
as indicated above. Data were harvested from at least three donors and repeated at 
least three times. Statistical significance was defined as significant difference when 
*p < 0.05 and highly significant when **p < 0.01. 
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Table 1. list of antibodies used for flow cytometry 

Antigen Target species Clone Isotype Dilution Source 

CD14, vioblue Mouse anti-human TÜK4 Mouse IgG2a, κ 1:100 Miltenyi Biotec 

CD11b, biotin Mouse anti-dog CA16.3E10 Mouse IgG1 1:100 P. Moore

CD32B+CD32
A biotin 

Mouse anti-human AT10 Mouse IgG1 1:50 Abcam 

CD40, R-PE Mouse anti-human LOB7/6 Mouse IgG2a 1:25 BIO-RAD 

CD80, FITC Hamster anti-mouse 16-10A1 Hamster IgG2 1:100 BD 
Biosciences 

CD86, 
unconjugated 

Mouse anti-dog CA24.3E4 Mouse IgG1 1:50 P. Moore

CD83, APC Mouse anti-human HB15e Mouse IgG1, κ 1:50 Biolgend 

CD163 
unconjugated 

Mouse anti-canine AM-3K Mouse IgG1 1:50 COSMO BIO 
Co., LTD. 

CD206, 
APC/Cyanine7 

Mouse anti-human 15-2 Mouse IgG1, κ 1:50 Biolegend 

CD209, APC Mouse Anti-human 102E11.06 Murine IgG1 1:50 Fisher 
scientific 

MHC II, APC Rat anti-canine YKIX334.2 Rat IgG2a, κ 1:50 eBioscience™ 

GaM-IgG1-
PerCP 

Mouse IgG - IgG 1:100 
Santa Cruz 
Biotechnology 

streptavidin -
PE 

- - - 1:2000 
BD 
Biosciences 

CD14, 
unconjugated 

Mouse anti-human TÜK4 Mouse IgG2a, κ 1:100 Bio-RAD 

Peter Moore, university of Davis, CA, USA 
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Results 

Morphologic characterization of dog monocyte-derived 
macrophages 

In order to obtain dog macrophages in vitro, CD14+ cells, derived from dog PBMC, 
were cultured in the presence of GM-CSF (M1) or M-CSF (M2) for 7 days. At day 5, 
M1- and M2-polarized macrophages were activated with IFN-γ + LPS and with IL-4 
for 2 days, respectively. The morphologic features were monitored by phase contrast 
microscopy during the cultivation period (Figure 1A). The size of macrophages was 
quantitated by flow cytometry on the basis of forward scatter and side scatter (Figure 
1B). Microscopic analysis showed that distinct morphologic differences are seen at 
day 5 and 7 (Figure 1). However, there are no obvious morphologic differences 
among M0, M1 and M2 macrophages at day 3. At day 3 of polarization, both M1- 
and M2-polarized macrophages showed a small and roundish shape, which is similar 
to M0 macrophages. At day 5, M1-polarized macrophages displayed certain 
morphological changes such as increased size, flat, roundish, and amoeboid shape 
(Figure 1A). Some M1 cells adopted a typical well-spread “fried-egg” phenotype (red 
arrow) (Figure 1A). A small portion of stretched, spindle-like cells were presented in 
M2-polarized macrophages at day 5 (blue arrow) (Figure 1A). At day 7, M1-polarized 
macrophages were differentiated into homogenous round cells with a dominant 
amoeboid and “fried-egg” phenotype (Figure 1A), while a large portion of M2-
polarized macrophages obtained an elongated spindle morphology. Flow cytometry 
analysis show that M1-polarized macrophages are bigger and more granular than 
M0- and M2-polarized macrophages (Figure 1B and C). The size of M1 cells is 
significantly increased compared to M0 and M2 cells (Figure 1C). This indicates that 
polarized dog MDMs can be clearly distinguished under phase contrast microscope. 
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Figure 1 The morphology of dog monocyte-derived macrophages (MDMs). Isolated 
CD14+ monocytes were cultured in the presence of 5 ng/ml GM-CSF (M1) or 25 
ng/ml M-CSF (M2) for 7 days. At day 5, macrophages were activated with 20 ng/ml 
IFN-γ and 100 ng/ml LPS for M1 or 20 ng/ml IL-4 for M2. M0 macrophages were 
cultured with complete medium only. (A) Characteristics of MDMS (M0, M1 and M2) 
were recorded by phase contrast light microscopy with 20× magnification at day 3, 
5 and 7. M1 (GM-CSF + IFN-γ + LPS) macrophages exhibit large and round shape 
with amoeboid and flat morphology (red arrow), while M2 (M-CSF + IL-4) 
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macrophages exhibit a stretched and spindle-like morphology (blue arrow). Scale 
bar=100 μm. (B and C) Flow cytometry was performed to assess the differences in 
forward scatter (FSC) profiles indicative of size. FSC profiles of MDMs at day 7 are 
exhibited in (B). FSC based size difference between M0, M1 and M2 is summarized 
in (C) with n=3. Representative images and flow cytometry plots of at least three 
independent donors are shown. Relative gMFI of size is shown as the mean of the 
geometric fluorescence intensity of M1 and M2 relative to M0, namely, relative gMFI 
of size = (gMFI of M0, M1 or M2)/(gMFI of M0). Data are reported as mean ± SD. *p 
< 0.05; **p < 0.01. Scale bar=100 μm. gMFI: geometric mean of fluorescence 
intensity, SSC: side scatter, FSC: forward scatter. 

Phenotypic Characterization of dog MDMs by Flow Cytometry 

In order to further phenotypically characterize in vitro polarized dog MDMs (M0, M1 
and M2), a phenotypic analysis of the dog MDMs culture by flow cytometry was 
performed after 7 days of polarization and activation. A set of surface markers related 
to macrophage activation was selected based on previous studies (30, 31) including 
CD14, CD11b, CD40, CD80, CD206, MHC II, CD209, CD163, CD32, and CD83. As 
shown in Figure 2, both CD14 and CD11b were expressed by polarized M0, M1 and 
M2 macrophages, which are regarded as pan-macrophages markers (32-34) (Figure 
2A and B). No significant difference was seen in CD14 expression among M0, M1 
and M2 macrophages on day 7. However, CD11b expression was significantly 
increased on M1 and M2 macrophages, compared to M0 macrophages. 
Interestingly, M1-polarized MDMs expressed high levels of CD40, CD80, CD86 and 
MHC II (Figure 2A and B), which are used as M1 marker in human and mouse 
studies. In contrast, M0- and M2-polarized macrophages expressed comparable 
levels of CD40, CD80 and CD86, which were significantly lower than those on M1-
polarized macrophages (Figure 2A and B). While both M1 and M2 cells expressed a 
higher level of MHC II than M0 macrophages, the expression of MHC II was 
significantly higher on M1 than on M2 cells (Figure 2A and B). In contrast, a 
significant increase in the expression levels of CD206, CD209, CD163, and CD32 
was observed in M2-polarized macrophages, but not in M1-polarized macrophages. 
A decrease of CD83 expression was detected in M1-polarized macrophages, 
compared to M0 and M2 macrophages. Thus, dog M1-polarized MDMs are 
characterized by high expression of CD40, CD80, CD86 and MHC II, dog M2-
polarized MDMs are identified by an increase of CD206, CD209, CD163 and CD32. 
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Figure 2 Expression of surface markers on dog MDMs was determined by flow 
cytometry. Polarized dog MDMs (M0, M1 and M2) were collected on day 7. 
Harvested MDMs were stained with a set of macrophages surface markers (see 
table 1) and subsequently analyzed by flow cytometry. (A) Histograms depict the 
results obtained in one representative donor out of 3 different donors. Each overlaid 
histograms represent an overlay of the respective monoclonal antibody and 
fluorescence-minus-one (FMO) controls (shaded black lines) for the indicated 
marker. Green line: M0, red line: M1, blue line: M2. (B) The bar graphs represent the 
means of geometric fluorescence intensity (MFI) ± SD of positive cells in 3 different 
donors. p values of M1 and M2 are relative to M0. *p < 0.05; **p < 0.01. 

Differentially expressed genes between M0-, M1-, and M2-
polarized macrophages 

To investigate gene expression profiles of M0-, M1- and M2-plarized macrophages, 
mRNA sequencing was performed. After filtering out genes with read counts < 2, 
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17929 genes in total were identified from 5 groups, M0, M1, M2, CD14 and CD14D 
(supplementary table S1). Figure 3A shows the distribution of genes among the 
different subsets in a Venn diagram: M1- and M2-polarized macrophages displayed 
10030 genes in common and 440 versus 816 specific genes in M1 versus M2 
macrophages, respectively. In M0 vs M1 vs M2 group, 9895 genes were co-
expressed by both M0, M1 and M2 macrophages. There were 244 specific genes in 
M0 macrophages, 272 specific genes in M1 macrophages and 246 specific genes in 
M2 macrophages (Figure 3A). Comparison of genes between M0, M1, M2, CD14 
and CD14D determined 9222 co-expressed genes. The number of specific genes 
for each group is 89 genes for M0, 120 genes for M1, 109 genes for M2, 118 genes 
for CD14 and 845 genes for CD14D. 

To identify DEGs from different groups, p <0.05 and |log2(FC)|>1 were set as criteria. 
Based on the criteria, 13052 differentially expressed genes (DEGs) were sorted 
(supplementary Table S2). A heat map was plotted to show the expression levels of 
sorted DEGs of each sample, from which the expression trend of DEGs can be 
clearly seen (Figure 3B). Compared to M0, 3199 DEGs were observed in the M1 
group, with 1649 upregulated and 1550 downregulated genes (Figure 4A), and 1882 
DEGs in the M2 group, with 901 upregulated and 981 downregulated genes (Figure 
4B). A total of 3124 DEGs were found in the M1 vs M2 comparison, with 1688 
upregulated and 1436 downregulated genes (Figure 4C). In other pairwise 
comparisons, there were 6092 DEGs between CD14 and M0, 6283 DEGs between 
CD14 and M1, 6330 DEGs between CD14 and M2 (Figure S1). Among the DEGs, 
the number of up- and down-regulated genes was almost evenly distributed, i.e. we 
detected 3192 upregulated and 2900 downregulated genes in CD14 vs M0, 3235 
upregulated and 3048 downregulated genes in CD14 vs M1, and 3270 upregulated 
and 3060 downregulated genes in CD14 vs M2 (Figure S1). The top 10 up- and 
down-regulated genes were labeled in each pairwise comparison. The top 50 up- 
and down-regulated genes were listed in supplementary Table S3-S8. To further 
evaluate clustering of gene profiles, principal component analysis (PCA) was 
performed. Our results showed that M2 macrophages clustered with M0 
macrophages rather than M1 macrophages, CD14 and CD14D populations (Figure 
4D). In contrast, M1 macrophages showed a clear separation from other groups, 
including M0, M2, CD14 and CD14, indicating that each cluster (M0-M2, M1, CD14 
and CD14D) has a unique gene expression profile. Principal component analysis 
revealed that M1 and M2 macrophages are distinct populations. Overall, the 
transcriptomic data confirmed that monocyte-derived M1 and M2 macrophages 
show significantly different gene profile and activation patterns. 
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Figure 3 Gene expression profiles of M0, M1, M2, CD14 and CD14D were shown 
by Venn diagram and heat map. (A) Co-expression Venn diagram showing the 
distribution of expressed genes in 3 compared groups, including M1 vs M2, M0 vs 
M1 vs M2, and M0 vs M1 vs M2 vs CD14 vs CD14D. The number of uniquely 
expressed genes was shown in each group. The overlapping regions indicated the 
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number of co-expressed genes in two or more samples. M0, M1 and M2 represent 
different polarization states of macrophages. CD14 are freshly isolated CD14+ cells 
from PBMC. CD14D indicate the CD14+ depleted population of PBMC. (B) Heat map 
with cluster analysis showing differential expression genes within all comparison 
groups. Each column indicates one sample. Each row indicates a single gene. The 
color ranges from red to blue represents the expression level of genes from high to 
low. The log2(FPKM+1) value was used for cluster analysis. FPKM: Fragments Per 
Kilobase Million. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Polarized macrophage subsets show distinct gene expression profiles. 
Volcano plots depicting differentially expressed genes in different comparison 
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groups, namely (A) comparison between M0 and M1, (B) M0 and M2, and (C) M1 
vs M2. Each volcano plot was shown as log2 (fold change) (x-axis) vs -log10(p-adj) 
(y-axis). M0 macrophages are considered as control in (A) and (B). M2 macrophages 
are considered as control in (C). Genes with adjusted p value < 0.05 and |log2(FC)| > 
1 are regarded as statistically significantly different. The horizontal line at y ≈ 1.303 
indicates p = 0.05. Vertical lines at x = 1 or -1 indicate log2(FC) = 1 or -1. Red dots, 
blue dots and gray dots represent up-regulated, down-regulated, and non-significant 
DEGs, respectively. The name of top 10 DEGs with p < 0.001 and |log2(FC)| ≥ 8 
were labeled out. FC: fold change; DEGs: differentially expressed genes. (D) 
Principal-component (PC) analysis of all genes expressed in M0, M1, M2, CD14 and 
CD14D. Dots with the same color represent sample replicates. 

GO and KEGG enrichment analysis of DEGs between M0-, M1 and 
M2-polarized macrophages 

To determine the main changes in biological processes during polarization of 
macrophages, GO and KEGG enrichment analysis of all DEGs was performed using 
the “clusterProfiler” package in R. The top 20 of most enriched GO terms and KEGG 
pathways are shown in Figure 5. GO analysis of all DEGs for M0 vs M1 comparison 
showed that only two GO terms, “immune system process” and “immune response”, 
were significantly enriched within biological process (BP) (Figure 5A and 
supplementary Table S9). Upregulated DEGs in M0 vs M1 comparison were 
significantly enriched in 3 GO terms of biological processes (BP), 3 GO terms of 
cellular components (CC) and 7 GO terms of molecular functions (MF) 
(supplementary Figure S2, S3 and Table S15). All downregulated DEGs in M0-M1 
comparison were significantly enriched in 7 GO terms of BP (supplementary Figure 
S2, S3 and Table S16). KEGG analysis showed that DEGs between M0 and M1 
were enriched in 80 KEGG pathways, such as Th17 cell differentiation, TNF 
signaling pathway and Toll-like receptor signaling pathway (Figure 5D and 
supplementary Table S12). Up- and down-regulated DEGs were enriched in 87 and 
10 pathways, respectively (supplementary Table S17 and S18). 

In the M0 vs M2 comparison, enriched DEGs are mainly associated with “GTPase 
activator activity” and “G-protein coupled receptor binding” in MF (Figure 5B and 
supplementary Table S10). Upregulated DEGs in M2 were assigned to 7 GO terms 
of BP and 7 GO terms of MF, such as immune response, cytokine, and chemokine 
activity. Downregulated DEGs in M2 were significantly associated with “transferase 
activity” and “hydrolase activity” in MF. Furthermore, 26 significant enriched 
pathways were found in the M0 vs M2 group, such as the phagosome and 
chemokine signaling pathway (Figure 5E and supplementary Table S13). 
Specifically, 34 pathways enriched with upregulated DEGs and 4 pathways enriched 
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with downregulated DEGs were identified (supplementary Table S19 and 20).  

In the M1 vs M2 comparison, GO analysis revealed that GO terms, “immune system 
process” and “immune response”, were the most enriched. Among all the DEGs, 
upregulated DEGs were distributed over 15 GO terms with 14 in BP and 1 in MF, 
and downregulated DEGs over 22 GO terms with 15 in BP, 2 in CC, 5 in MF (Figure 
5C, Table S11, S21 and S22). KEGG analysis showed that 39 pathways were 
enriched in all DEGs such as Th1 and Th2 cell differentiation, Th17 cell 
differentiation, C-type lectin receptor signaling pathway and IL-17 signaling pathway 
(Figure 5F and supplementary Table S14). There are 61 pathways in upregulated 
DEGs, including Th1 and Th2 cell differentiation, and 5 pathways in downregulated 
DEGs, such as cell cycle, DNA replication and ribosome (supplementary Table S23 
and S24). However, only a few DEGs was found enriched in CC in all three pairwise 
comparisons. 

In summary, the enrichment analysis showed that upregulated DEGs in M1 and M2 
cells were enriched in many GO terms and pathways, of which the majority of GO 
terms and pathways were associated with the immune response, such as immune 
system processes, Th1 and Th2 cell differentiation, Th17 cell differentiation and the 
Toll-like receptor signaling pathway, suggesting that monocyte-derived M1 and M2 
macrophages are associated with Th1, Th2 and Th17 responses. In addition, the 
comparison between M1 and M2 indicated that the DEGs of M1 and M2 were 
enriched in different GO terms and KEGG pathways. 
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Figure 5 The GO terms and KEGG pathway enrichment analysis of DEGs between 
M0, M1 and M2 macrophages. DEGs including both up- and down-regulated genes 
from each compared group were subjected to GO and KEGG analysis. The top 20 
most enriched GO terms (including BP, CC, and MF) and KEGG pathways of DEGs 
are shown by compared groups, (A, D) M0 vs M1, (B, E) M0 vs M2, and (C, F) M1 
vs M2. Blue and green in (A, B, and C) represent BP and MF, respectively. 

M2-polarized dog MDMs have a higher non-specific phagocytic 
capacity compared to M0- and M1-polarized dog MDMs 

The polarization of macrophages is associated with changes in functional 
characteristics, such as phagocytic capacity. To investigate whether in vitro 
polarization affects phagocytosis by M0-, M1- and M2-polarized dog MDMs, a 
functional analysis of the MDMs was performed by examining the non-specific 
phagocytic capacity of MDMs using crimson carboxylate-modified FluoSpheres 
fluorescent beads. Our results showed that all MDMs were able to take up 
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fluorescent beads (Figure 6), while control MDMs co-cultured with beads at 4 °C 
were failed to engulf any beads (data not shown). M0- and M2-polarized MDMs 
displayed a significantly higher bead-uptake than M1 cells (p < 0.05) (Figure 6A and 
B). On average, M2-polarized MDMs (1.5 times fold change relative to M0) contained 
around 3 times more beads than M1-polarized MDMS (0.5 times fold change relative 
to M0) (Figure 6C). This observation was further confirmed by confocal microscopy 
(Figure 6D). Clearly, we could see more beads in each cell in M0- and M2- than in 
M1-polarized MDMs, especially in M2-polarized MDMs with spindle-like shape, 
suggesting the higher phagocytic ability of individual M2-polarized MDMs. Next, the 
location of fluorescent beads was visualized by re-constructing a 3D model of MDMs 
with z-stacks, which confirm beads internalization by MDMs (Supplementary 
Materials Video S1A, B and C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 M0, M1 and M2-polarized dog MDMs show different non-specific 
phagocytic capabilities. Dog CD14+ monocytes were polarized and activated for 7 
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days and incubated with crimson carboxylate-modified FluoSpheres fluorescent 
beads for 4 h. M0, M1 and M2-polarized dog MDMs were harvested. (A) Dog MDMs 
were gated based on their scatter profile (FSC/SSC) and viability (viakrome). The 
bead content was analyzed quantitatively by flow cytometry for dog MDMs. Dog 
MDMs containing beads (black square) and 1 beads/cell (red square) were gated 
out, from which the average beads/cell and fold change were calculated. 
Representative flow cytometry plots are shown of one out of three independent 
donors. (B) MDMs containing beads were depicted and shown as the percentage of 
phagocytic cells and median fluorescence intensity (MFI). (C) The fold change of 
M1- and M2-polarized MDMs in bead uptake was calculated as described in 
materials and methods and compared to M0 MDMs. (D) Confocal microscopy was 
performed to confirm non-specific phagocytosis by dog MDMs. Cell membrane was 
stained by WGA-Alexa Fluor 488 shown in green and FluoSpheres fluorescent 
beads are shown in red. A 3D model of internalization by MDMs was reconstructed 
from z-stacks. The corresponding video showing 3D structure can be found in 
Supplementary Materials Video S1A, B and C. Data reflect at least three 
independent experiments from three independent donors. Data are reported as 
mean ± SD. *p < 0.05; **p < 0.01. Scale bar=10 μm. 

Discussion 

Dogs have become an increasingly important alternative translational animal models 
for inflammatory and immunological diseases due to similarity of human and canine 
in many diseases (23, 24). Macrophages play a crucial role in most immune-
associated diseases. In countless studies, monocyte-derived macrophages (MDMs) 
are utilized to understand the biology and differentiation of macrophages. So far, 
most studies have focused on MDMs from human and mouse, knowledge about dog 
MDMs is still scarce. Therefore, well-characterized dog macrophage subsets are 
urgent for a better understanding of the biological functions of dog macrophages. 
Here, we present a systematic study of dog monocyte-derived M1 and M2 
macrophages by showing their morphology, surface markers, differentially 
expressed genes and functional activity. 

In the present study, M1- and M2-polarized MDMs showed substantial differences 
in morphology. After 7 days of polarization, M1-polarized MDMs (GM-CSF + IFN-γ 
+ LPS) dominantly displayed a round and amoeboid shape, as visible under a light
microscope. Also, a small portion of M0 MDMs showed an amoeboid shape, but was
smaller in size than M1-polarized MDMs. Among M2-polarized MDMs (M-CSF + IL-
4), both populations with small round morphology and with elongated spindeloid
morphology existed. M1- and M2-polarized MDMs but not M0 MDMs largely
proliferated during polarization. In addition, M1-polarized MDMs were both larger
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and more granular than M0- and M2-polarized MDMs. Thus, this morphology 
analysis indicated that dog M1- and M2-polarized MDMs can be easily distinguished 
under a light microscope. Similar to other species, typical M1 and M2 macrophages 
were also described for pig, ovine, mouse and human MDMs (35-39). In other 
studies on canine MDMs, except for spindle-like cells, also large/flat shaped cells 
and multinucleated giant cells were found among M2-polarized MDMs (40, 41). This 
may be due to the use of PBMC, which contain mononuclear cells as well as dendritic 
cells and granulocytes. In our study, macrophages were polarized from selected 
CD14+ monocytes, probably leading to a higher purity.  

With respect to surface markers, flow cytometry analysis showed that M1- and M2-
polarized dog MDMs expressed comparable level of CD14 and CD11b. CD11b was 
significantly increased on M1- and M2-polarized MDMs compared to M0 MDMs. 
CD14 and CD11b have been identified as pan-macrophage markers (42), and the 
expression of these markers suggests these cells indeed maintain macrophage 
properties during polarization (43). Co-stimulatory molecules CD40, CD80 and CD86 
together with MHC II are essential for antigen presentation and T cell activation by 
macrophages, and are considered as M1 macrophage markers in many species (8, 
43-45). C-type mannose receptor 1, CD206 and hemoglobin-haptoglobin scavenger 
receptor, CD163, were validated as M2 macrophages markers in both mouse and 
human studies, mainly expressed on IL-4 polarized monocytes and resident 
macrophages (46, 47). Previous studies reported that the expression of CD206 and 
CD163 was found in canine cutaneous Langerhans cells and colon resident 
macrophages (48, 49), both of which are related to phagocytosis of macrophages 
(50). CD209 was also expressed by tissue resident macrophages such as mucosal 
macrophages and alveolar macrophages (51, 52), and was increased by treatment 
with M-CSF and IL-4 (36). In agreement with our study, dog M1-polarized MDMs 
expressed a markedly higher level of CD40, CD80, CD86 and MHC II than M0- and 
M2-polarized MDMs. CD163, CD206 and CD209 were significantly increased in M2-
polarized MDMs. Notably, both M1- and M2-polarized MDMs highly expressed MHC 
II, whereas the expression of MHC II is significantly higher in M1- than in M2-
polarized MDMs. A similar observation was made by Heinrich, et al. in 
immunocytochemistry (41). Unfortunately, semi-quantitative results obtained by 
immunocytochemistry were unable to distinguish differences in expression levels of 
MHC II between M1 and M2 macrophages. CD32, known as FCγRII, is one of the 
phagocytic receptors, which was shown to be highly expressed by M2-polarized dog 
MDMs in our study. However, the discussion on CD32 expression level between M1 
and M2 macrophages varies. A variety of studies described CD32 as a M1 
macrophage marker (53, 54). On the contrary, other studies showed that CD32 are 
highly induced in M2 macrophages (55, 56). It is also reported that the expression of 
CD32 by human macrophages was not changed after polarization (30). By 
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comparing different literatures, we speculate that the different description on CD32 
may cause by difference among species or the use of different stimulus. 

Next, we compared the global gene expression profiles of M0, M1 and M2-polarized 
macrophages, using the CD14+ and CD14D populations as control. We found that 
most of genes were shared by these groups, while each group also expressed 
subset-specific genes (Figure 3). Principal component analysis showed that M0 and 
M2 clustered together, while a clear separation was observed between other 
pairwise compared macrophage populations. This result suggested that M0 and M2 
may have similar gene profiles, whereas M1 is a distinct population from M0 and M2. 
However, a previous transcriptome study for rat bone marrow-derived macrophages 
showed that the variance of M0, M1 and M2 was low (57). Moreover, a greater 
distance between M0, M1 and M2 was observed in a microarray-based Gene 
Expression study on human monocyte-derived macrophages (58). By comparing 
these group, we detected over a thousand of DEGs in M0 vs M1, M0 vs M2 and M1 
vs M2, specifically 3199 for M0 vs M1, 1882 for M0 vs M2, and 3124 for M1 vs M2. 
Those DEGs were subjected to GO and KEGG enrichment analysis. Our results 
showed that upregulated DEGs in M1 and M2 were mostly enriched in immune-
related GO terms and pathways compared to M0. For example, significantly enriched 
GO terms included immune system processes, cytokine and chemokine activity, 
antigen processing and presentation, G−protein coupled receptor binding, 
proteasome complexes, etc. They further included signaling pathways, like 
Epstein−Barr virus infection, tuberculosis, TNF signaling pathway, Th1 and Th2 cell 
differentiation, the TNF signaling pathway, Th17 cell differentiation, and chemokine 
signaling pathway, etc. Interestingly, in the M1 vs M2 comparison, DEGs were the 
most enriched in GO terms including immune system processes, immune 
responses, antigen processing and presentation, regulation of programmed cell 
death, etc, and pathway, including the lysosome, the C−type lectin receptor signaling 
pathway, tuberculosis, Th17 cell differentiation, and Th1 and Th2 cell differentiation, 
etc. However, in our study, in cellular components the GO terms only enriched a few 
DEGs, which may be due to the shared origin of polarized macrophages. In addition, 
the enrichment of phagosome- and lectin receptor-related genes in M1 and M2 cells 
may contribute to their mutual phagocytic function (supplementary Table S12, S13 
and S14). These results suggested that dog monocyte-derived M1 and M2 cells in 
vitro displayed some crucial differences at the mRNA levels, which are closely 
related to Th1 and Th2 responses. 

The change of phenotypes and gene profiles is often accompanied by a change of 
functional activity (59). Phagocytosis is one of the main functions of macrophages, 
which is modulated by a variety of phagocytic receptors. Using latex beads, we 
measured a change in phagocytosis by dog MDMs following polarization. Although 
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all three polarization states of dog MDMs could phagocytose latex beads, M2-
polarized MDMs exhibited the strongest phagocytic capacity when compared to M0- 
and M1-polarized MDMs. This is different from our previous study on canine 030D 
macrophage cell line in which M1 macrophages displayed the strongest phagocytic 
capacity (chapter 6). Such differences between a cell line and primary monocytes 
were observed also in a human macrophage study (60). In addition, the induction of 
phagocytosis-related makers such as CD32, CD163, CD206 and CD209 may 
contribute to phagocytic capacity of M2-polarized dog MDMs. Nitric oxide (NO) 
production is another important function for activated macrophages in mouse study. 
Unfortunately, no detectable NO production was found in dog MDMs (data not 
shown). 

In conclusion, in the present study, we showed that in vitro polarized dog M1 and M2 
MDMs have a distinct morphology, surface markers features, gene profiles and 
phagocytotic capacity. M1-polarized dog MDMs were characterized by a large/round 
morphology, high CD40, CD80, CD86 and MHC II, and weak phagocytosis, whereas 
M2-polarized dog MDMs showed a spindle-like shape, increased CD163, CD209, 
CD206 and CD32 expression, and strong phagocytosis. In transcriptomics, 3199 
DEGs for M1 and 1882 DEGs for M2 were identified compared to M0 cells, which 
are significantly associated with immune response, cell differentiation and 
phagocytosis. Thus, with this study, we contribute to a better understanding of canine 
macrophage biology and immune system. 
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Supplementary materials 

Fgiure S1 Polarized macrophage subsets show distinct gene expression profiles. 
Volcano plots depicting differentially expressed genes in different comparison 
groups, namely (A) comparison between CD14 and M0, (B) CD14 and M1, and (C) 
CD14 vs M2. Each volcano plot was shown as log2(fold change) (x-axis) vs -log10(p-
adj) (y-axis). CD14 population is considered as control. Genes with adjust p value < 
0.05 and |log2(FC)| > 1 are regarded as statistically significant difference. The 
horizontal line at y ≈ 1.303 indicates p = 0.05. Vertical lines at x = 1 or -1 indicate 
log2(FC) = 1 or -1. Red dots, blue dots and gray dots represent up-regulated, down-
regulated, and non-significant DEGs, respectively. The name of top 10 DEGs were 
labeled out. FC: fold change; DEGs: differentially expressed genes. 
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Figure S2 The GO terms enrichment analysis of DEGs between M0, M1 and M2 
macrophages. DEGs including both up- and down-regulated genes from each 
compared group were subjected to GO and KEGG analysis. The top 20 most 
enriched GO terms (including BP, CC, and MF) and KEGG pathways of DEGs are 
shown by compared groups, (A, D) M0 vs M1, (B, E) M0 vs M2, and (C, F) M1 vs 
M2. Blue, red, and green in (A, B, and C) represent BP, CC and MF, respectively. 
(A, B, and C) represent upregulated genes. (D, E, and F) represent downregulated 
genes. 
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Figure S3 The KEGG pathway enrichment analysis of DEGs between M0, M1 and 
M2 macrophages. DEGs including both up- and down-regulated genes from each 
compared group were subjected to GO and KEGG analysis. The top 20 most 
enriched GO terms (including BP, CC, and MF) and KEGG pathways of DEGs are 
shown by compared groups, (A, D) M0 vs M1, (B, E) M0 vs M2, and (C, F) M1 vs 
M2. Blue, red, and green in (A, B, and C) represent BP, CC, and MF, respectively. 
(A, B, and C) represent upregulated genes. (D, E, and F) represent downregulated 
genes. 
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Abstract 

Monocyte-like cell lines have been widely used as surrogates of monocytes to study 
macrophage biology. However, an appropriate macrophage cell line for canine 
species is still lacking. The canine 030D cell line is a monocyte-like cell line derived 
from canine malignant histiocytosis. To determine if 030D cells can be polarized into 
M1 and M2 macrophages, 030D cells were stimulated for three days with either IFN-
γ + LPS for M1 or IL-4 for M2. We further comprehensively characterized 030D-
derived M0, M1 and M2 macrophages on each day for morphology, phenotypic 
characteristics, marker genes expression and phagocytosis. Our result showed that 
030D-derived M1 macrophages appeared to obtain a bigger, roundish, and 
amoeboid shape, showing as “fried-egg” morphology, whereas some of the M2 
macrophages adopted an elongated morphology. All three polarization states 
expressed the pan-macrophage markers CD14 and CD11b. Flow cytometry analysis 
showed that 030D-derived M1 macrophages upregulated the expression of CD32, 
CD40, CD80, CD83, CD86 and MHC II, while M2 macrophages expressed a higher 
level of CD206 relative to M1 macrophages. 030D-derived M1 macrophages highly 
upregulated the expression of pro-inflammatory cytokines and chemokines, 
including IL-6, IL-1β, TNF-α, IL-12p35/40, IL-23p19, COX2, CCL2, CCR7, TGF-β, 
and IL-10, while the novel identified M2 marker MS4A2 was significantly upregulated 
in M2 macrophages relative to M1 macrophages. Besides, qPCR analysis showed 
that mRNA levels of CD16, CD32, CD40, CD64, LOX-1, LXN, MHC I, MHC II, CIITA 
and arginase-1 were upregulated in M1 macrophages compared to M2 
macrophages. Functionally, we found that M1 macrophages had a stronger 
phagocytic capacity than M0 and M2 macrophages. Taken together, in our study it 
became evident that canine 030D-derived M1 and M2 macrophages showed many 
similarities to M1 and M2 macrophages derived from other species, such as human, 
mouse, pig and ovine. Thus, the 030D-derived macrophage can be a powerful cell 
model for canine immunological studies. 

Keywords: 030D macrophage cell line, macrophages surface marker,
phagocytosis, M1 and M2 macrophages 
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Introduction 

The macrophage is a main member of the monocyte/macrophage phagocytotic 
system (MPS), playing a crucial role in probably all immune responses, including the 
regulation of inflammation, homeostasis, and tissue repair (1). As a group of 
important antigen-presenting cells, macrophages serve as regulators between 
innate and adaptive immune responses, poising anti- and pro-inflammatory 
responses (2). During infection, activated macrophages recognize and engulf 
invaders by pattern-recognition receptors, produce inflammatory cytokines and 
chemokines, and subsequently initiate adaptive immune responses. In this process, 
macrophages respond to stimuli and signals in the local microenvironment, and 
polarize into distinct functional subsets (3). So far, according to the local cytokine 
milieu produced by Th1/Th2 cells, two main macrophage subsets have been 
identified, namely, classically activated (M1) and alternatively activated (M2) 
macrophages (4, 5). M1 macrophages produce pro-inflammatory cytokines, 
participate in pathogen presentation and removal, and promote Th1 responses. In 
contrast, M2 macrophages produce anti-inflammatory cytokines, develop potent 
phagocytic capacity, tissue repair and wound healing, and promote Th2 responses 
(6). 

Mimicking the in vivo process, M1 macrophages are polarized by administration of 
Th1 cytokines (such as IFN-γ or TNF-α) and lipopolysaccharide (LPS) in vitro. 
Polarized M1 cells express a variety of cytokines and chemokines, such as IL-6, IL-
1β, TNF-α, IL-23, IL-12, CCL2 and CCR7, which have an extensive pro-inflammatory 
role (7). These cells also express high levels of the surface markers such as CD40, 
CD80, CD86 and MHC II, which increases their antigen-presenting ability. On the 
other hand, M2 cells consist of different subsets, M2a, M2b and M2c, which can be 
polarized in response to Th2 cytokines, such as IL-4, IL-13, IL-10 or TGF-β (8). M2a 
macrophages are activated by IL-4 or IL-13; M2b macrophages are polarized by LPS 
and immune complexes; M2c macrophages are promoted by IL-10 and TGF-β (9). 
M2 macrophages are characterized by increased CD206, CD209 and CD163 
expression on the cell surface (10). Inflammatory responses are relieved by 
upregulation of anti-inflammatory cytokines like IL-10 and TGF-β. In addition, 
phagocytosis is one of the essential functions of macrophages, which is regulated 
by phagocytic receptors such as CD64, CD32 and CD16. Phagocytosis plays an 
important role in removal of pathogens, dead cells, and debris.  

To date, in vitro cultures of macrophages from different sources such as bone 
marrow, peripheral blood mononuclear cells, peritoneum and spleen have been 
studied in the mouse (11). However, the difficulty to collect, isolate and grow primary 
macrophages of other animals like dog is huge. Monocyte-derived macrophages 
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could serve as an alternative source of macrophages but need 7 days of culture in 
most protocols (12, 13). As an alternative, monocyte-like cell lines have been widely 
applied as a powerful model for the investigation of immune responses in vitro (14). 
Compared to primary macrophages, monocyte-like cells have notable advantages, 
for example creating unlimited sources of cells, easy acquisition and culturing, and 
high homogeneity (15). The canine monocyte-like cell line 030D, was established by 
Gebhard, et al. in 1995 from a dog suffering from malignant histiocytosis (16). 030D 
cells have been widely used in many studies of canine immunology and infection 
(17-20). However, the differentiation potential and characteristics of 030D cells have 
not been fully investigated up to now. Hence, for further canine immunological 
studies it is necessary to define the polarization states and immunological and 
functional characteristics of this cell line. 

The purpose of this study was to determine if the canine macrophage cell line 030D, 
can be polarized into M1 and M2 macrophages. To this end, 030D cells were 
stimulated with either IFN-γ + LPS for M1 or IL-4 for M2 for three days. The 
morphological changes between 030D-derived M1 and M2 macrophages were 
observed on each day. The expression of M1 and M2 markers, like surface markers 
and cytokines expression, was analyzed in polarized 030D macrophages. 
Furthermore, non-specific phagocytosis of latex beads was assessed in 030D-
derived M0, M1 and M2 macrophages. We found that 030D-derived macrophages 
provided a good model for canine macrophage studies. 

Materials and methods 

Cell culture 

A canine monocytoid cell line derived from canine malignant histiocytosis, known as 
030D, which is a kind gift from Ley, D., was used in this study. 030D cells were 
cultured in RPMI-1640 GlutaMAX (Life TechnologiesTM Ltd., Paisley, Scotland, UK) 
supplemented with 5% fetal bovine serum (BODINCO B.V., The Netherlands), and 
1% penicillin/streptomycin (Life TechnologiesTM Ltd., Paisley, Scotland, UK) at 37 °C 
and 5% CO2. 

030D Macrophage polarization 

030D cells were plated on 6-well plates at a density of 8×105 cells/well. After 2 h, the 
medium was gently refreshed to remove non-adherent cells. In order to differentiate 
030D cells into different subsets of macrophages, 030D cells were stimulated with 
20 ng/ml recombinant canine IFN-γ (R&D system, Abingdon, United Kingdom) for 6 
hours, after which 100 ng/ml LPS from Escherichia coli O111:B4 (Sigma-Aldrich, 
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Saint Louis, MO, USA) was added for M1 polarization. M2 polarization was obtained 
by incubating cells with 40 ng/ml recombinant canine IL-4 (R&D system, Abingdon, 
United Kingdom). 030D cells cultured with only complete medium were included and 
regarded as M0. Cells were harvested by pipetting for analyses after 24, 48, or 72 h 
incubation in all three conditions.  

The morphology observation of macrophages by Phase-contrast 
microscopy 

030D cells were grown and polarized as described above. After 24, 48 and 72 h of 
culture, the morphology of M0, M1 and M2 macrophages was recorded by Phase-
contrast light microscopy using a Nikon eclipse TS100 inverted microscope (Nikon 
Instruments Europe B.V., Amstelveen, The Netherlands) and ImageFocus v3.0.0.2. 
Data were processed using Fiji imageJ. 

Phenotypic characterization of polarized 030D cell by flow 
cytometry 

For flow cytometry analysis, 030D cell-derived M0, M1 and M2 cells were detached 
by gentle scraping at day1, day2 and day3. After washing with cold PBS, cells were 
transferred to a round-bottom 96-well plate at a density of 2×105 cells/well. Fc 
receptors were blocked with 10% autologous dog serum for 30 min to avoid non-
specific antibody binding. To determine the phenotype of macrophages, cells were 
stained for 30 min on ice using antibodies specific for CD14, CD40, CD80, MHC II, 
CD206, CD83, CD86, CD32, CD11b (see Table 1). Matched isotype controls were 
used with the same concentration of corresponding antibodies. Cells then were 
washed 3 times with FACS buffer (2% FCS in FBS) and either directly analyzed 
when labeled with fluorochrome-conjugated antibodies, or first incubated with 
secondary or streptavidin conjugated antibodies for a further 30 min on ice, washed 
and then analyzed using a CytoFLEX LX flow cytometer (Beckman Coulter Inc., CA, 
USA). In order to gate out dead cells ViaKrome 808 Fixable Viability Dye (Beckman 
Coulter, Woerden, Netherlands) was used. Acquired data were analyzed with 
FlowJo Software v.10.5 (FlowJo LCC, Ashland, USA). 

Gene Expression of M0, M1 and M2 030D-derived macrophages 
by real-time qPCR 

030D-derived macrophages (M0, M1 and M2) were harvested in 350 μl of RLT lysis 
buffer provided by Qiagen RNeasy mini kit at day1, 2 and 3. Total RNA was isolated 
using a Qiagen RNeasy mini kit (Qiagen, Venlo, The Netherlands) following 
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manufacturer’s instructions and then treated with DNase I. RNA samples were 
dissolved in RNase-free water and concentrations were measured using a 
NanoDrop-1000 Spectrophotometer (Isogen Lifescience B.V., Utrecht, the 
Netherlands). cDNA was generated from 1 μg total RNA using an iScript cDNA 
Synthesis Kit (Bio-Rad Laboratories B.V., California, USA) following the 
manufacturer’s instructions. 

RT-qPCR was conducted using a CFX connect real-time system (Bio-Rad 
Laboratories B.V., Veenendaal, The Netherlands) with iQ SYBR Green Supermix 
(Bio-Rad Laboratories B.V., California, USA). The specificity of PCR products was 
confirmed by melting curve analysis. Data were recorded and analyzed by CFX 
Maestro 1.1 software. All primers used in this paper were purchased from Invitrogen 
(Life Technologies Ltd, paisley, UK). The sequence of primers is listed in Table 2. 
GAPDH and RPS19 genes were used as reference genes to normalize target gene 
expression. Relative expression of mRNA was calculated using the Pfaffl-method. 

Non-specific phagocytosis assay by flow cytometry 

Non-specific phagocytic capacity of 030D-derived M0, M1 and M2 macrophages was 
evaluated using 1 μm crimson carboxylate-modified FluoSpheres fluorescent beads 
(Life Technologies Corporation, Eugene, USA). Specifically, 24, 48, 72 h polarized 
macrophages were incubated with FluoSpheres fluorescent beads at a 1:10 bead-
to-cell ratio for 4 h. Then cells were washed three times to remove non-phagocytosed 
beads. Harvested cells at each time point were washed 2 times with PBS containing 
5 mM EDTA and transferred into a 96-well U-bottom plate. Next, the cells were 
stained with ViaKrome 808 Fixable Viability Dye (Beckman Coulter, Woerden, The 
Netherlands) for 30 min on ice to exclude dead cells. Afterwards, the cells were 
washed twice and fixed in 4% paraformaldehyde (Alfa Aesar, Kandel, Germany) for 
15 min at room temperature. Finally, the cells were measured on a CytoFLEX LX 
flow cytometer (Beckman Coulter Inc., CA, USA) using the 638 nm laser and the 
660/10 fluorescent channel. Data were analyzed using FlowJo Software v.10.5 
(FlowJo LCC, Ashland, USA) and GraphPad Prism 8.3.0 (Graphpad Software LLC., 
San Diego, USA). The first fluorescent peak showing in histogram was considered 
as cells with single bead. The average bead uptake and the fold change of beads in 
each cell was calculated using formulars described in literature (21). 

Bead/cell= MFItotal

MFI1bead/cell
and fold change= beads/cellM1 or M2

beads/cellM0 
 

Assessment of internalization by Confocal Microscopy 

030D cells were placed at 2×105 cells/well in a 24-well plate containing sterilized 12 
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mm coverslips. Cells were differentiated into M0, M1 and M2 as described above. 
Macrophages were activated for 24, 48 and 72 h and then co-cultured with 
FluoSpheres fluorescent beads for 4 h at 1:10 bead-to-cell ratio. Macrophages were 
washed three times with cold Hank’s balanced salt solution (HBSS) (Gibco, Paisley, 
UK) to remove non-phagocytosed beads, followed by staining macrophages with 2 
μg/ml Alexa Fluor 488 conjugated Wheat germ agglutinin (WGA) (Life Technologies 
Corporation, Eugene, USA) in HBSS for 10 min at 37 °C. When labeling was 
complete, WGA was removed and macrophages were washed twice with HBSS and 
fixed with 4% paraformaldehyde for 15 min at room temperature. After washing 
twice, coverslips with macrophages were mounted on polysine slides (Thermo 
Scientific, Braunschweig, Germany) with FluorSave Reagent (Millipore, San Diego, 
USA). Finally, uptake and internalization were confirmed using Leica TCS SPE-II 
and LAS-AF software (Leica Microsystems B.V., Amsterdam, The Netherlands). Z-
stacks was included to determine whether beads were completely internalized. The 
images from confocal microscopy were analyzed using Fiji ImageJ. 

Statistical Analysis 

Statistical analysis was conducted using GraphPad Prism 8.3.0 (Graphpad Software 
LLC., San Diego, USA). Two-way ANOVA tests with multiple comparisons were 
used to determine statistical differences. The mixed effects model was used when 
missing values existed. Data are presented as mean ± SD. All independent 
experiments were repeated at least three times. Each p value is adjusted to account 
for multiple comparisons. *p < 0.05 and **p < 0.01 were considered as significant 
difference and highly significant, respectively. 
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Results 

Morphological changes of 030D-derived macrophages during 
polarization 

In order to investigate whether the canine macrophage cell line 030D, can be 
polarized into the classically activated M1 and the alternatively activated M2 
macrophage phenotypes, 030D cells were stimulated with IFN-γ + LPS or IL-4 for 3 
days. As an initial means to investigate macrophage polarization, the morphology of 
the cells was observed each day. As shown in Figure 1, M0 macrophages showed 
a small round morphology (Figure 1A) and did not show any obvious change in 
morphology or size within 3 days of culture (Figure 1B, 1C and Figure S1). In 
comparison, M1-polarized macrophages appeared to adopt a well-spread, rounded, 
large and flat shape (Figure 1A). Some M1-polarized cells showed an amoeboid and 
typical “fried-egg” morphology (red arrows) (Figure 1A). To quantitate the size 
changes of cells during polarization, flow cytometry analysis was performed to record 
the FCS of M0, M1 and M2 cells. As shown in Figure S1 and Figure 1B and C, M1-
polarized cells became bigger and more granular than M0- and M2-polarized 
macrophages since day 2. In contrast with M1 cells, M2-polarized macrophages kept 
a morphology similar to M0 cells at days 1 and 2, showing a small and round shape. 
At day 3, M2-polarized macrophages started to obtain an elongated spindle-like 
morphology (blue arrows) (Figure 1A). No significant size changes of M2 cells were 
observed, compared to M0 cells. These observations indicated that 030D-derived 
M1 and M2 macrophages share some of the morphological features of M1 and M2 
macrophages. 

Cell surface markers expression profiles for canine 030D-derived 
macrophages 

CD14 and CD11b are commonly used pan-macrophage markers to define 
macrophages (22-24). To confirm macrophage differentiation and maintenance 
thereof during polarization, the expression of CD14 and CD11b on 030D-derived 
macrophages was determined by flow cytometry. Our results showed that both CD14 
and CD11b were highly expressed on 030D-derived M0, M1 and M2 macrophages 
at day1, 2 and 3 (Figure 2A and Supplementary Figure S2A). CD14 and CD11b 
expression was markedly increased on M1-polarized (IFN-γ + LPS) macrophages 
especially at day 2, whereas their expression on M2-polarized (IL-4) macrophages 
was decreased (Figure 2B and Supplementary Figure S2B). CD115, colony-
stimulating factor-1 receptor, is one of most important antigens for macrophage 
identification (25, 26). Mer tyrosine kinase (MerTK) is mainly expressed on 
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macrophages and monocytes, which is responsible for phagocytosis and 
internalization of apoptotic cells (27, 28). Both CD115 and MerTK can be considered 
as potential pan-macrophage markers (29, 30). Therefore, CD115 and MerTK were 
analyzed on canine 030D-derived macrophages by qPCR. As shown in Figure 2, 
M0-, M1-, and M2-polarized macrophages widely expressed MerTK during 
polarization (Figure 2C). While M0- and M2-polarized macrophages expressed 
comparable levels of CD115 at day1 and 2, the expression of CD115 was reduced 
in M2-polarized macrophages at day3 (Figure 2C). Conversely, CD115 expression 
in M1-polarized macrophages was gradually and significantly decreased during 
polarization (Figure 2C). 

To define M1 (IFN-γ + LPS) and M2 (IL-4) polarization states, a range of putative 
polarization markers for M1 and M2 subsets was analyzed over time. As expected, 
M1-polarized macrophages (IFN-γ + LPS) showed a clear profile of enhanced M1 
markers at day2 and day3 in response to IFN-γ + LPS polarization, including 
elevation of CD32, CD40, CD80, CD83, CD86 and MHC II (Figure 3A and B). It is 
noteworthy that MHC II expression was elevated in both M1- and M2-polarized 
macrophages from day 1 (supplementary Figure S2), but its expression on M1 
macrophages was significantly higher than on M2 macrophages (Figure 3A and B). 
CD206 expression, as a M2 marker in multiple species (13, 31, 32), was reduced on 
both M1 and M2 macrophages during polarization, while the decrease of CD206 on 
M1 was significantly higher than that of M2 (supplementary Figure S2, and Figure 
3A and B). Besides, CD40 and CD86 were observed to increase in M1 macrophages 
at day 1, but CD32, CD80 and CD83 were not (Figure S2). 

To further confirm M1 and M2 polarization states, more macrophage surface 
markers were analyzed by qPCR. In line with our results obtained by flow cytometry, 
a similar expression pattern for CD32, CD40, MHC II and CD206 was observed in 
both M1- and M2-polarized macrophages (Figure 4). More specifically, the 
expression of CD16, CD32, CD40 and CD64 was dramatically upregulated in M1-
polarized macrophages at day 1 compared to M0 and M2 macrophages (p < 0.01) 
(Figure 4), subsequently their expression in M1-polarized macrophages gradually 
decreased over time. No significant changes in the expression of CD16, CD32, CD40 
and CD64 were observed in M2-polarized macrophages. In contrast, the expression 
of MHC I, MHC II and CIITA was gradually upregulated in M1-polarized 
macrophages during polarization compared to M0 and M2-polarized macrophages 
(p < 0.01) (Figure 4). Similar to our previous results, MHC II and CIITA were 
upregulated in both M1 and M2-polarized macrophages relative to their expression 
in M0 macrophages. On the contrary, a significantly higher level of CD206, CD209 
and CD163 was observed in M2 and not M1 macrophages (p < 0.01) (Figure 4). 
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Figure 1 Morphological changes in canine 030D-derived M0, M1 and M2 
macrophages. 030D cells were treated with M1 (20 ng/ml IFN-γ + 100 ng/ml LPS) 
and M2 (40 ng/ml IL-4) polarizing conditions for 24, 48 and 72 h. M0 macrophages 
were cultured with complete medium only. (A) The morphological changes were 
directly observed by phase contrast microscopy with 20× magnification after 24 
(Day1), 48 (Day2) and 72 (Day3) h culture. Representative images are shown from 
at least three independent experiments. M1-polarized macrophages showed a large 
and rounded morphology (red arrows), whereas M2-polarized macrophages showed 
an elongated shape at day 3 (blue arrows). M2-polarized macrophages showed a 
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similar morphology to M0 macrophages at day 1 and day 2. Scale bar=100 μm. (B 
and C) Polarized macrophages at day 1, 2 (see supplementary materials) and 3 were 
subjected to flow cytometry analysis. Comparison of size between M0, M1 and M2 
macrophages at day 3 was evaluated based on forward scatter (FSC) in (B and C). 
Representative flow cytometry plots were shown in (B), and geometric mean (gMFI) 
FSC values of M0, M1 and M2 macrophages are shown in (C). Data are presented 
as mean ± SD, with n ≥ 3 per condition. *p < 0.05; **p < 0.01. gMFI: geometric mean 
of fluorescence intensity, SSC: side scatter, FSC: forward scatter. 

 

 

 

 

 

 

 

 

 

Figure 2 Pan-macrophage marker expression on 030D-derived macrophages. 
Canine 030D cells were polarized with IFN-γ + LPS (M1) or IL-4 (M2) for 3 days. 
Polarized cells were harvested at Day1, Day2 and Day3 for the detection of pan-
macrophage markers expression using flow cytometry (A and B) and qPCR (C). (A) 
Both pan-monocyte markers CD14 and CD11b expression were analyzed by flow 
cytometry and shown by representative histograms for M0, M1 and M2 cells. Filled 
gray histograms represent Fluorescence Minus One (FMO) Controls to show the 
background fluorescence. (B) For M0, M1 and M2 macrophages, the expression 
levels of CD14 and CD11b are expressed as the geometric mean fluorescent 
intensity (gMFI) for three independent replicates. Shown is the mean of the 
geometric fluorescence intensity (gMFI) subtracted by gMFI of FMO. (C) CD115 and 
MerKT expression in mRNA level on each day were analyzed by qPCR. Their 
expression in M1 and M2 is relative to the expression in M0. Data are presented as 
mean ± SD, with n≥3 per condition. *p < 0.05; **p < 0.01. 
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Figure 3 Flow cytometric analysis of surface markers expressed by 030D-derived 
macrophages. Canine 030D cells were polarized as described in materials and 
methods. Flow cytometry was performed to measure the expression of surface 
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markers on 030D-derived macrophages at day 1, day 2 and day 3. (A) Expression 
levels of a set of surface markers are presented by representative histograms for 
M0, M1 and M2 cells. Filled gray histograms represent Fluorescence Minus One 
(FMO) Controls to show the background fluorescence. (B) Relative expression levels 
of all surface markers are expressed as the geometric mean fluorescent intensity 
(gMFI) for three independent replicates. Shown is the mean of the geometric 
fluorescence intensity (gMFI) subtracted by gMFI of FMO. Data are presented as 
mean ± SD, with n ≥ 3 per condition. *p < 0.05; **p < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 The relative expression of macrophage surface markers associated genes 
in 030D-derived macrophages. Total mRNA was isolated from M0-, M1-, and M2-
polarized macrophages at day 1, day 2 and day 3. (A) Subsequently, qPCR was 
performed on M0, M1 and M2 macrophages to determine the expression surface 
marker genes, including CD40, CD64, CD32, CD16, MHC I, MHC II, CIITA, CD209, 
CD206 and CD163. M0 macrophages were used as control. The results were 
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expressed as relative expression normalized by housekeeping genes RPS19 and 
GAPDH. (B) An overview of gene expression was shown in a heatmap. The color 
scale of heatmap was shown as log2(fold change). MHC I: dog major 
histocompatibility complex, class I; MHC II: dog major histocompatibility complex, 
class II; CIITA: class II major histocompatibility complex transactivator. Data are 
presented as mean ± SD, with n≥3 per condition. *p < 0.05; **p < 0.01. 

Characterization of cytokine and chemokine gene expression in 
030D-derived macrophages 

To further draw out the characteristics of canine 030D-derived macrophages, we 
measured the mRNA levels of cytokines and chemokines associated with the 
activation states of M1 or M2 macrophages. As shown in Figure 5, compared to M0- 
and M2-polarized macrophages, M1-polarized macrophages strongly expressed M1 
marker genes, IL-6, IL-1β, TNF-α, COX2, iNOS, IL-12p35 and IL-12p40 at day 1 (p 
< 0.01), which gradually declined at day 2 and 3 (Figure 5). The same set of genes 
was not upregulated in M2-polarized macrophages at the same time point. Other M1 
marker genes, IL-23p19, CCL2 and CCR7 were observed to be highly expressed in 
M1-polarized macrophages at day 1 (p < 0.01), and were further upregulated in the 
following days (Figure 5). The lectin-like oxidized low-density lipoprotein receptor-1 
(LOX-1) and Latexin (LXN) are newly proposed M1 markers, which were included in 
our study (13, 33). Consistent with previous studies (13, 33), the expression levels 
of both LOX-1 and LXN in M1-polarized macrophages were significantly higher than 
those in M0- and M2-polarized macrophages. In contrast, as a newly proposed M2 
marker (13), Membrane Spanning 4-Domains A2 (MS4A2) expression was 
significantly upregulated in M2-polarized macrophages and downregulated in M1-
polarized macrophages compared to M0 macrophages. Interestingly, other M2 
marker genes, TGF-β, IL-10 and arginase-1 were shown to be expressed at a higher 
level in M1- but not M2-polarized macrophages in our study. 
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Figure 5 The expression profile of cytokines and chemokines in 030D-derived 
macrophages. Canine 030D-derived M0, M1 and M2 macrophages were collected 
at day 1, day 2 and day 3. Total mRNA was isolated and reverse-transcribed into 
cDNA. (A) Cytokines and chemokines associated with M1 or M2 activation states 
were determined by qPCR. M0 macrophages were used as control. The results are 
expressed as relative expression normalized by housekeeping genes RPS19 and 
GAPDH. (B) An overview of the expression level of cytokines and chemokines is 
shown in a heatmap. The color scale of heatmap is shown as log2(fold change). 
iNOS: inducible nitric oxide synthase; MS4A2: Membrane Spanning 4-Domains A2; 
LOX-1: the lectin-like oxidized low-density lipoprotein receptor-1; LXN: Latexin. Data 
are presented as mean ± SD, with n ≥ 3 per condition. *p < 0.05; **p < 0.01. 

Canine 030D-derived macrophages show higher non-specific 
phagocytosis 

Phagocytosis is an important functional characteristic of macrophages. To further 
characterize the functional properties of canine 030D-derived M0, M1 and M2 
macrophages, we assessed the non-specific phagocytic capacity by culturing 030D-
derived macrophages with latex beads. As illustrated in Figure 6, a substantial 
amount of fluorescent beads were engulfed by 030D-derived macrophages with 
different polarization states (M0, M1 and M2) at day 1, 2 and 3. In comparison to M0- 
and M2-polarized macrophages, both the percentage of phagocytic cells and MFI in 
the M1 macrophage population were significantly higher (p < 0.01) on each day, 
indicating the M1 cells displayed the highest phagocytotic capability (Figure 6A, B 
and C). Compared to day 1 and 3, both M0- and M1-polarized macrophages showed 
a greater bead uptake at day 2 (Figure 6A, B and C). Within the M2 population, the 
proportion of phagocytic cells gradually decreased from day 1 to day 3 (Figure 6A), 
whereas the MFI and fold change of phagocytic M2 macrophages increased (Figure 
6 Band C), indicating that the number of beads taken up per M2 macrophage was 
increased. Compared to bead uptake by M0 macrophages at day 1, all M0-, M1- and 
M2-polarized macrophages engulfed a significantly higher number of beads at day 
2 and day 3, indicating an elevated phagocytic capability. As expected, control 030D-
derived macrophages incubated with beads at 4 °C failed to engulf beads (data not 
shown). The uptake of fluorescent beads by M0-, M1- and M2-polarized 
macrophages at day 1, 2 and 3 was further confirmed by plasma membrane staining, 
which showed that the beads were inside the cell membrane (Figure 4D, 
Supplementary Figure S3 and Video 1, 2 and 3). 
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Figure 6 Phagocytosis of canine 030D-derived M0, M1 and M2 macrophages. 030D 
macrophages were polarized for 1, 2 and 3 days respectively as described in 
materials and methods, followed by incubating with crimson carboxylate-modified 
FluoSpheres fluorescent beads for 4 h. Flow cytometry analysis was performed to 
quantify beads uptake. (A) Live cells were selected for further analysis after gating 
for scatter profile (FSC/SSC), viability (viakrome) and singlets. Representative dot 
plots of a single experiment on each day was shown. Cells with 1 bead/cell were 
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gated with a red square and cells with multiple beads were gated with a black square, 
from which the average bead uptake was calculated. (B) Cells containing beads 
were present as the percentage of phagocytic cells and median fluorescent intensity 
(MFI). (C) The fold change of M1- and M2-polarized macrophages in bead uptake 
was evaluated in comparison to M0 macrophages. (D) To further confirm 
phagocytosis by 030D-derived macrophages, phagocytic cells were visualized in 
green for plasma membrane staining with wheat germ agglutinin (WGA) and in red 
for with FluoSpheres fluorescent beads. Representative images are shown as 2 days 
polarized 030D-derived M0, M1 and M2 macrophages. A reconstructed 3-D model 
was made based on z-stack to show relative spatial position of fluorescent beads 
and 030D-derived macrophages (see Supplementary materials Video S2A, B and 
C). Data are presented as mean ± SD, with n ≥ 3 per condition. *p < 0.05; **p < 0.01. 
Scale bar=10 μm. 

Discussion 

Monocyte-like cell lines have been widely used as surrogates of monocytes to study 
macrophage biology. Well-characterized macrophage cell lines from different origins 
are powerful tools for functional and translational studies, for example THP-1, HL-60 
and U-937 cells for research on human (14), RAW264.7 and J774.1 cell for research 
on mouse (34, 35), and HD11 cell for research on chicken macrophages (21). 
However, an appropriate macrophage cell line for canine is still lacking. Therefore, 
the aim of this study was to evaluate a macrophage cell line from canine origin as 
an in vitro model for macrophage polarization. To this end, we first develop a protocol 
for canine macrophage differentiation from an established canine macrophage cell 
line, the 030D cell-line. We further comprehensively characterized 030D-derived M0, 
M1 and M2 macrophages, including cell morphology, phenotypic characteristics, 
marker gene expression and functional properties. Our results showed that 030D-
derived M1 and M2 macrophages showed striking morphological differences, distinct 
phenotypes and gene expression profiles, and distinguishable phagocytic capacity. 

Morphologically, 030D-derived M1 macrophages appeared to obtain a bigger, 
roundish, and amoeboid shape, showing as “fried-egg” morphology, whereas a low 
amount of M2 macrophages adopted an elongated morphology. M0 macrophages 
did not show obvious morphology changes. These findings parallel the observations 
in other species such as humans, mouse and pig (36-38). However, compared to 
another well-characterized canine macrophage cell line, DH82 cell, there is no 
significant morphological difference between DH82-derived M1 and M2 
macrophages (39), both of which developed a round, amoeboid and large/flat 
morphology (39, 40). A flattened, elongated and spindle-like morphology was only 
observed in the late passages of DH82 cells (passage ≥ 66) (40). This morphology 
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change present in DH82 cells may be caused by gene loss and functional impairment 
due to continuous subculturing. Moreover, flow cytometry analysis showed that 
030D-derived M1 macrophages were bigger and more granular than M0- and M2-
polarized macrophages. This feature obtained by 030D-derived M1 macrophages 
was also found in porcine and human bone marrow derived macrophages (36). 
Besides, canine monocyte-derived dendritic cells also gave rise to granular cells 
(41). 

Pan-macrophage markers are widely used to define macrophages (42). So far, 
several macrophage surface antigens have been validated as pan-macrophage 
markers including CD14, CD11b, CD68 and F4/80 (known as EGF-like module-
containing mucin-like hormone receptor-like 1) (22-24, 43, 44). In our study, CD14 
and CD11b were determined. CD14 and CD11b were ubiquitously expressed in 
030D-derived M0, M1 and M2 macrophages, which confirmed their macrophage-like 
properties. Macrophage-colony stimulating factor receptor (CD115) has been proven 
to play a dominant role in the development of the monocytes/macrophage 
phagocytotic system (MPS) (25). The expression of CD115 is associated with 
macrophage differentiation (45). Here, it was found that CD115 expression in 030D-
derived M1 macrophages was significantly down-regulated, while 030D-derived M0 
and M2 macrophages showed a comparable level of CD115 following polarization. 
This finding suggested that CD115 might be a potential maker to distinguish M1 and 
M2 macrophages in canine. Mer tyrosine kinase receptor (MerTK) is another cell 
surface protein widely expressed by macrophages, which is related to phagocytosis 
of macrophages (46, 47). Similarly, MerTK was expressed by all polarization states 
of 030D-derived macrophages, indicating MerTK might be a potential pan-
macrophage marker. 

Polarization states of macrophages have been shown to be distinguished by the 
differential expression of surface makers in human and mouse studies (48, 49). 
CD32, CD40, CD80, CD86 and MHC II were shown to be highly expressed by M1 
macrophages, whereas CD163 (scavenger receptor), CD206 (mannose receptor), 
CD209 (DC-SIGN) were indicated to be specific for M2 macrophages (50-52). Our 
findings show that 030D-derived M1 macrophages upregulated the expression of 
CD32, CD40, CD80, CD83, CD86 and MHC II, while 030D-derived M2 macrophages 
expressed a higher level of CD206 relative to M1 macrophages. Due to the lack of 
available surface marker antibodies for dog, more surface marker genes were 
assessed by qPCR. In accordance with previous results, CD40, CD32 and MHC II 
were highly expressed by 030D-derived M1 macrophages in mRNA level. Moreover, 
mRNA levels of CD64, CD16, MHC I were increased in M1 macrophages as well. 
As MHC II transactivator, the expression of CIITA has an expression trend similar to 
MHC II. Compared to M1 macrophages, the expression of M2 markers, CD209, 
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CD206 and CD163 were relatively high in M2 macrophages. Based on our present 
data, 030D-derived macrophages show a distinct phenotypic characteristic between 
M1 and M2 polarized states. Using the canine cell line DH82, it was previously shown 
that CD80, CD86 and MHC I were increased in M1 macrophages, which is in line 
with our results (39, 40). CD206 was expressed slightly higher in M2 than in M1 cells, 
but this difference was not significant (39). CD14 and MHC II were expressed by 
DH82 macrophages at a relatively low level (40).  

Phenotypic M1 and M2 cells are usually associated with expression of a distinct set 
of cytokines and chemokines. M1 cells are involved in pro-inflammatory responses, 
and characterized by increased expression of pro-inflammatory cytokines and 
chemokines, such as IL-6, IL-1β, TNF-α, IL-12, IL-23, COX2 and CCL2 (50, 51). M2 
cells play an anti-inflammatory role by secreting IL-10 and TGF-β. As expected, 
030D-derived M1 macrophages showed a highly upregulated pro-inflammatory 
cytokine and chemokine expression, including IL-6, IL-1β, TNF-α, IL-12p35/40, IL-
23p19, COX2, CCL2 and CCR7. Newly predicted M1 markers, LOX-1 and LXN, were 
confirmed as M1-specific in our study by showing enhanced expression in M1 
macrophages (13, 33). Interestingly, the anti-inflammatory cytokines TGF-β and IL-
10, were expressed at higher levels by M1 than M2 macrophages, but were 
considered as M2 marker in other studies (53, 54). Similarly, M2 marker arginase-1 
was shown to exist at a higher level in M1 macrophages. However, a novel identified 
M2 marker, MS4A2, known as high affinity IgE Fcε receptor β chain, was significantly 
upregulated in M2 macrophages relative to M1 macrophages (13). In agreement with 
studies for human monocyte-derived macrophages, M1 cells produced more IL-10 
than M2 cells, indicating an overlap of cytokine profiles between M1 and M2 cells 
(55, 56). Furthermore, another study reported that macrophages found in the human 
skeletal muscle displayed a mixed M1/M2 phenotype by expressing CD11b, CD14, 
CD68, CD86 and CD206, highlighting a phenotype overlap (23). The presence of 
mixed M1/M2 features blur the boundaries of M1 and M2. Therefore, it is more 
reasonable to consider diverse polarization states of macrophages as a continuum 
with overlapping features, such as phenotypes and gene profile. In addition, a slightly 
higher level of iNOS was expressed by 030D-derived M1 cells. Nevertheless, nitric 
oxide (NO) production was not detected in any of the three polarization states (data 
not shown). In line with our studies, DH82 cells (canine macrophage cell line) do not 
produce nitric oxide after activation (57-59). We speculate that 030D-derived 
macrophages may produce an undetectable level of nitric oxide. 

Macrophages in different activation states or from different origins have shown 
dramatically different functional properties, such as phagocytic capacity and NO 
production (11, 60, 61). Our study showed that all 030D-derived M0, M1 and M2 
macrophages have the capacity to take up beads. This may be caused by the 
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expression of pan-macrophage markers, CD14 and MerTK, which are known to 
mediate phagocytosis (62, 63). 030D-derived M1 macrophages have a stronger 
phagocytic capacity than M0 and M2 macrophages. The phagocytic capacity of M0 
and M2 is comparable. The stronger phagocytic capacity observed in M1 
macrophages probably is caused by the administration of LPS, which is known to 
enhance phagocytosis in macrophages (64). Moreover, higher expression of CD64 
(FcγRI), CD32 (FcγRII) and CD16 (FcγRIII) also contribute to enhanced 
phagocytosis, especially for FcγR-mediated phagocytosis (63, 65). Besides, 
increased expression of IL-10, TGF- β and chemokines also play crucial roles in 
phagocytosis (7, 66, 67). The scavenger receptor CD163, mannose receptor CD206 
and C-type lectin receptor CD209 are also well-known receptors to facilitate 
phagocytosis for macrophages (68-71). However, increased phagocytic capacity 
was not observed in 030D-derived M2 macrophages. In agreement with our results, 
a lot of previous studies have demonstrated that M1 macrophages showed a higher 
level of phagocytic activity (60, 72, 73). On the contrary, a large number of studies 
have shown that M2 macrophages displayed a higher phagocytosis capacity than 
M1 macrophages (65, 74, 75). We speculate that the paradox of phagocytosis in M1 
and M2 macrophages is probably associated with the differential expression of 
phagocytosis related molecules or different activation states. 

In conclusion, this study successfully developed a polarization protocol for canine 
macrophage cell line 030D cells, which were comprehensively characterized for the 
first time. 030D-derived M0, M1 and M2 macrophages displayed distinct differences 
in multiple aspects, including morphology, phenotypic profiles, gene expression 
profiles and functional properties. As discussed above, this study found that 030D-
derived M1 and M2 macrophages showed many similarities to M1 and M2 
macrophages derived from other species, such as human, mouse, pig and ovine. As 
a cell model for macrophages, the 030D-derived macrophage can be a powerful tool 
for canine immunological studies.  
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Table 1. list of antibodies used for flow cytometry 

Antigen Target species Clone Isotype Dilution Source 
CD14, vioblue Mouse anti-human TÜK4 Mouse IgG2a κ  1:100 Miltenyi Biotec 
CD11b, biotin Mouse anti-dog CA16.3E10 Mouse IgG1 1:100 P. Moore 
CD32B+CD32
A biotin 

Mouse anti-human AT10 Mouse IgG1 1:50 Abcam 

CD40, R-PE Mouse anti-human LOB7/6 Mouse IgG2a 1:25 BIO-RAD 

CD80, FITC Hamster anti-mouse 16-10A1 Hamster IgG2 1:100 BD 
Biosciences 

CD86, 
unconjugated 

Mouse anti-dog CA24.3E4 Mouse IgG1 1:50 P. Moore 

CD83, APC Mouse anti-human HB15e Mouse IgG1, κ 1:50 Biolgend  
CD206, 
APC/Cyanine7 

Mouse anti-human 15-2 Mouse IgG1, κ 1:50 Biolegend 

MHC II, APC Rat anti-canine YKIX334.2 Rat IgG2a, κ 1:50 eBioscience™ 
GaM-IgG1-
PerCP 

Mouse IgG - IgG 1:100 Santa Cruz 
Biotechnology 

streptavidin -
PE 

- - - 1:2000 BD 
Biosciences 

Peter Moore, university of Davis, CA, USA 
 
Table 2. Sequences of primers used for quantitative real-time PCR 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) Accession 
number 

Product 
length 
(bp) 

RPS19 
CCTTCCTCAAAAAGTCT
GGG 

GTTCTCATCGTAGGGAGC
AAG 

DR103251.1 95 

TGF-β 
CAAGGATCTGGGCTGGA
AGTGGA 

CCAGGACCTTGCTGTACT
GCGTGT 

(76) (76) 

TNF-α 
CCCCGGGCTCCAGAAG
GTG 

GCAGCAGGCAGAAGAGT
GTGGTG 

(77) (77) 

IL-10 
CCCGGGCTGAGAACCA
CGAC  

AAATGCGCTCTTCACCTG
CTCCAC 

(77) (77) 

IL-1β 
TCTCCCACCAGCTCTGT
AACAA 

GCAGGGCTTCTTCAGCTT
CTC 

Z70047 80 

IL-6 
TCCTGGTGATGGCTACT
GCTT 

GACTATTTGAAGTGGCAT
CATCCTT 

U12234 78 

GAPDH 
CTGAACGGGAAGCTCAC
TGG 

CGATGCCTGCTTCACTAC
CT 

AB038240.1 129 

Arginase-
1 

GCATGAGTTCCACGGCA
AAA 

CTTTTTCCACCCCTCCTC
GT 

XM_532053.6 81 

iNOS 
AATGGAGAGTTGGGCCT
TCC 

TGGCCCTTAAGAGAAGAC
TGG 

NM_001313848.
1 

227 
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IL-12p40 
CAGCAGAGAGGGTCAG
AGTGG 

ACGACCTCGATGGGTAGG
C 

AF244915 109 

IL-23p19 
CAAGGGGAGAAAAACAG
CAG 

TGCTGTCCGTTCTGTGAG
TC 

XM_538231 78 

CCL2 
CCTGCTGCTATACACTC
A 

GCTTCTTTGGGACACTTG U29653 91 

CCR7 
TGGTGGTGGCTCTCCTT
GTC 

AAGTTCCGCACGTCTTTC
TTG 

XM 548131.2 136 

IL-12p35 
GTGCCTCAACCACTCCC
AA 

CAATCTCTTCGGAAGTGC
AGG 

NM_001003293 100 

COX2 
TTCCAGACGAGCAGGCT
AAT 

GCAGCTCTGGGTCAAACT
TC 

(77) 112 

CD40 
GTCTGCCTGCATCCGAA
AGGT 

GTCCTCCACAGGGTCCTG
ATA 

NM_001002982.
1 

70 

MHC II 
GATGCTGAGTGGAATCG
GGG 

TGAAGTCCAGAGTGTCCC
TTCT 

NM_001014768.
1 

99 

MERTK 
GTTCAAGTCCACAACGC
GAC 

GCAAAATCTACCCAGCCG
TG 

XM_038691411.
1 

119 

CD206 
TACCCCCTCGTCTCCAT
CAG 

AAATTGCCTAGTGTCCAA
CAGC 

XM_005617093.
4 

121 

LXN 
CAGGGTCAAGCAAGTGC
AAAG 

CTTCCTTTGGCAGACGGG
TA 

XM_038432753.
1 

164 

MS4A2 
CTCCCCACCACCCACTT
ATG 

AACTCAGCTCTCAACCAG
CC 

XM_038429453.
1 

173 

CD209 
GTGTGACCCCAAGGAGC
C 

TGGCGAATCCTGGAGACT
TG 

NM_001130832.
1 

207 

LOX-1 
CCCAGGAGTCAGAAAGG
GAAC 

TCCTGGGGACAATGACCT
GAA 

XM_038439023.
1 

157 

CD163 
ATGTCCAGTGTCCAAAA
GGA 

CATGTGATCCAGGTCTCC
TC 

(78) (78) 

CD115 
TGCAGTTTGGGAAGACT
CTC 

TGTGGACTTCAGCATCTT
CA 

(78) (78) 

CIITA 
GCCAAGACTTCTCCCTG
GAC 

ACAAGGACCGGGCTGAAA
TG 

XM_014114624.
3 

103 

CD64 
AACAGACCCCGTAAAGG
CAG 

ATCTGGGGGTCAAGGTCT
GA 

NM_001002976.
2 

161 

CD32 
TTCCAGAAGGGGGAGTC
CAT 

TCAGTGACATTGGCTTGG
ACA 

XM_025420853.
2 

236 

CD16 
CCAGCAGCAACAAGTGA
ACA 

GTTGATGGAAGCGAAGAA
CCTTG 

XM_038448606.
1 

116 

MHC I 
CCATCAAGGAGACCGCA
CAGA 

AACCGTACATGGTCTGGA
TGG 

LC462830.1 105 

 
MS4A2: Membrane Spanning 4-Domains A2; LOX-1: the lectin-like oxidized low-
density lipoprotein receptor-1; LXN: Latexin. 
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Figure S1 Comparison of size between M0, M1 and M2 macrophages at day 1 and 
day 2. Polarized macrophages at day 1 and 2 were subjected to flow cytometry 
analysis. Comparison of size between M0, M1 and M2 macrophages at day 1 and 2 
was evaluated based on forward scatter (FSC). Representative flow cytometry plots 
are shown in (A), and geometric mean (gMFI) FSC values of M0, M1 and M2 
macrophages are shown in (B). Data are presented as mean ± SD, with n ≥ 3 per 
condition. *p < 0.05; **p < 0.01. gMFI: geometric mean of fluorescence intensity, 
SSC: side scatter, FSC: forward scatter. 
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Figure S2 Cell surface marker expressed on 030D-derived macrophages at day1. 
Canine 030D cells were polarized with IFN-γ + LPS (M1) or IL-4 (M2) for 3 days. 
Polarized cells were harvested at day 1 for the detection of macrophage surface 
markers expression using flow cytometry. (A) Expression levels of a set of surface 
markers are presented by representative histograms for M0, M1 and M2 cells at day 
1. Filled gray histograms represent Fluorescence Minus One (FMO) Controls to 
show the background fluorescence. (B) Relative expression levels of all surface 
markers are expressed as the geometric mean fluorescent intensity (gMFI) for three 
independent replicates. Shown is the mean of the geometric fluorescence intensity 
(gMFI) subtracted by gMFI of FMO. Data are presented as mean ± SD, with n ≥ 3 
per condition. *p < 0.05; **p < 0.01. gMFI: geometric mean of fluorescence intensity. 
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Figure S3 Phagocytosis of canine 030D-derived M0, M1 and M2 macrophages at 
day 1 and 2. 030D macrophages were polarized for 1, 2 and 3 days respectively as 
described in materials and methods, followed by incubating with crimson 
carboxylate-modified FluoSpheres fluorescent beads for 4 h. Phagocytosis by 030D-
derived macrophages was confirmed by confocal microscopy. Phagocytic cells were 
visualized in green for plasma membrane staining with wheat germ agglutinin (WGA) 
and in red for with FluoSpheres fluorescent beads. Representative images are 
shown as 1 and 3 days polarized 030D-derived M0, M1 and M2 macrophages. A 
reconstructed 3-D model was made based on z-stack to show relative spatial 
position of fluorescent beads and 030D-derived macrophages (see Supplementary 
materials Video S1A, B and C for day 1, and Video S3A, B and C for day 3). Scale 
bar=10 μm. 
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General discussion 
Hsp70 has been considered as an immune target in many inflammatory diseases, 
such as in rheumatoid arthritis (1, 2). Hsp70 can promote the induction of Treg cells, 
and further boost the secretion of immunosuppressive cytokines like IL-10 and TGF-
β (3). Therefore, Hsp70 mediated immunoregulation has been proposed as a way of 
therapy to regulate adaptive immunity through induction of Tregs. The role of Hsp70 
in T cell-mediated diseases was reviewed in chapter 2. 

Inducible Hsp70 has profound significance for both cell survival and the development 
of chronic inflammation, such as in the eye (4). Many eye diseases are associated 
with retinal pigment epithelium (RPE) degeneration (5). Previous studies have 
shown that upregulation of Hsp70 may ameliorate certain eye diseases and restore 
the function of RPE cells (6). In recent years, compounds from herb or approved 
drugs with low toxicity were shown to improve Hsp70 expression in RPE cells, and 
thereby to ameliorate eye diseases. Consequently, these results warrant a further 
exploration of these compounds as novel Hsp70 inducers or co-inducers. 

Macrophages, a key member of innate immunity, are identified as one of the key 
drivers in immune disorders. Changes in macrophage function may disturb the 
balance between inflammation and resolution, which can be the main cause of 
chronic immune diseases, including uveitis (7). An increasing number of studies 
have shown that the induction of Hsp70 has impact on macrophage function by 
modulating inflammation related signaling pathways and cytokine production (8). 
Compared to other animals, dogs have a relatively high incidence of certain 
immunological diseases, such as rheumatoid arthritis and uveitis, that resemble the 
same condition in humans with respect to pathogenic etiology, clinical symptoms, 
and clinical responses. Thus, dogs provide a suitable model for studying 
immunological diseases affecting both species. Thus, understanding the role of 
Hsp70 in canine macrophages possesses the instructive significance for the 
corresponding human immune diseases. 

Macrophages can be roughly classified into two groups, known as the classically 
activated macrophage (M1) and the alternatively activated macrophage (M2), which 
are present in different phases of inflammation or infection (1). Previous studies have 
shown that dysregulation of macrophage polarization is closely related to many 
immune diseases, such as autoimmune diseases, cancers, and chronic 
inflammatory diseases (2, 9, 10). However, despite representing an attractive animal 
model for immunological diseases, little is known about canine macrophages. 
Consequently, exploring the function of macrophages plays an important role in 
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studying the onset and progression of many diseases. 

In this thesis, we identified a novel HSP co-inducer, leucinostatin, and investigated 
its enhancing effects on Hsp70 expression in arsenite-stressed dog retinal pigment 
epithelial cells. We also investigated the anti-inflammatory effect of Hsp70 in canine 
macrophages. Furthermore, we polarized both canine monocytes and 030D cells 
into M1 and M2 macrophages, and characterized the morphology, phenotypic 
properties, gene profiles, and functional properties of canine monocyte- and 030D-
derived macrophages. 

Hsp upregulation as therapeutic target in chronic inflammation 

As mentioned above, Hsp70 plays a regulatory role in both the adaptive and innate 
immune system. In a previous study we showed that in mice after Hsp70 peptide 
B29 immunization Hsp70-specific Treg cells were induced, which had regulatory 
characteristics and ameliorated arthritis (11). As Treg cells have a wide range of 
immunosuppressive effects, theoretically, Hsp70-specific Treg cells may have a role 
in many T cell-mediated chronic inflammatory diseases. In chapter 2, we reviewed 
several T-cell driven autoimmune diseases such as rheumatoid arthritis and type I 
diabetes, and discussed the immunomodulatory effects of Hsp70 in current clinical 
trials and laboratory research, as well as the prospects of Hsp70 administration in 
other autoimmune diseases. We also pointed out that several eye diseases like 
uveitis and idiopathic retinal vasculitis, are Th1 or Th17 mediated diseases, which 
raises the possibility of regaining tolerance through the therapeutic induction of 
Hsp70 specific Treg cells. In chapter 2, we also discussed that not only exogenous 
Hsp70, but also the induction of endogenous Hsp70 is able to boost the frequency 
of Hsp70 specific Tregs (12). Since Hsp70 is upregulated in inflamed tissue, the 
application of a co-inducer may further increase Hsp70 abundance and lead to an 
enhanced Hsp70 specific Treg response, which may mitigate the progress of chronic 
diseases. This has been proven in a mouse arthritis model, in which the Hsp70 co-
inducer carvacrol raised Hsp70 expression in the Peyer’s patches and induced 
Hsp70 specific Tregs with CD4+CD25+Foxp3+ phenotype (13). These findings 
provided clues for our follow-up research on eye diseases. 

Leucinostatin, a promising Hsp70 co-inducer in dog RPE cells 

The retinal pigment epithelium (RPE) plays a central role in vision function; improper 
functioning of the RPE has been identified as the etiology of various eye diseases, 
such as age-related macular degeneration (AMD), retinal detachment, and uveitis. 
Although it would be ideal to perform studies in human RPE cells, it is difficult to 
obtain RPE cells from patients in the clinic. As an alternative, dog eyes share a lot 
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of similarities to human eyes in size, morphology and in density of photoreceptor 
distribution (14). In chapter 3, we successfully isolated and cultured dog RPE cells. 
In our culture, dog RPE cells exhibited typical RPE characterization, such as 
hexagonal morphology and pigmentation. Those characteristics are in line with the 
findings in human, mouse, rabbit, and pig (15-18). By testing the RPE specific 
marker, RPE65, we showed that the purity of our primary dog RPE cells reached 
approximately 95%. However, dog RPE cells changed their hexagonal morphology 
as well as decreased RPE65 expression and pigment production with an increasing 
number of passages, which was also observed in human and rat RPE cultures (19, 
20). Those changes may be caused by epithelial-to-mesenchymal transition (EMT) 
of RPE in in vitro culture, by which epithelial cells change their phenotype into a 
mesenchymal phenotype (21). Unfortunately, little is known about EMT process. 

The induction of Hsp70 has been proven to protect RPE cells, retinal ganglion cells 
and photoreceptors against degeneration (22, 23). It has been widely used in the 
clinic to treat eye diseases, such as by increasing the expression of Hsp70 in RPE 
cells via heating or laser irradiation (24, 25). Hsp70 co-inducers have a notable 
capacity to co-induce cellular Hsp70 expression in inflamed tissues or cells, but do 
not work on healthy tissues or cells (26). The utility of inducing Hsp70 expression by 
pharmacological agents (HSP co-inducers) is relatively safe and non-toxic. 
Therefore, identification of novel Hsp70 co-inducing compounds with enhanced 
potencies can be a novel strategy for the prevention and treatment of eye diseases. 
In our laboratory, we screened for Hsp70 co-inducers from a fungus library (CBS, 
Utrecht) and found that leucinostatin is probably a potential Hsp70 co-inducer. In 
chapter 3, we first showed that the stressor arsenite could time- and dose-
dependently induce Hsp70 expression in dog RPE cells. Then, we showed that 
carvacrol, described as Hsp70 co-inducer (12), was able to co-induce Hsp70 in RPE 
cells, as detectable in flow cytometry analyses, which allowed us to analyze Hsp70 
level at both single cell level and within defined cell subsets. Subsequently, 
leucinostatin was found to increase Hsp70 expression during arsenite stress, but not 
in the absence of arsenite. These results suggested that leucinostatin is a novel 
potent co-inducer of Hsp70. In addition, in the literature compounds such as 
glycyrrhizin, bimoclomol, and curcumin have been regarded as co-inducer of HSPs 
(26). Those compounds might also co-induce Hsp70 in RPE cells. 

Hsp70 upregulation is mediated via different signaling strategies by different 
compounds. HSF1 mainly mediated the transcription of inducible HSPs. In resting 
cells, HSF1 forms complexes together with Hsp70, Hsp90 and other proteins. 
Dissociation or direct activation of HSF1 results in the release of HSF1 from these 
complexes, which facilitates HSF1 translocation and initiation of HSP-transcription. 
In our study, by using the DNAJB1-luc-O23 reporter cell line, we showed that 
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leucinostatin can boost Hsp70 expression in canine RPE cells, most likely by 
activating HSF1. The mechanism of Hsp70 co-induction by leucinostatin is in line 
with our previous findings using carvacrol. This finding suggested that leucinostatin 
as a Hsp70 co-inducer may have a possible therapeutic application in inflammatory 
diseases of the eye. 

The role of Hsp70 in innate immunity 

Cytokines and chemokines secreted by macrophages, as potent signaling 
molecules, are the major mediators in inflammatory and immune responses. 
Activation of macrophages is initiated by inflammatory stimuli, including T 
lymphocyte-derived cytokines (IFN-γ, TNF-α), immune complexes and microbial 
products (LPS), and leads to an enhanced capacity to produce cytokines and 
chemokines. As shown in chapter 4 and 5, LPS administration induced high levels 
of IL-6, TNF-α and IL-1β expression in both the canine macrophage cell line 030D 
and monocyte-derived M1 cells. While macrophages produce both pro- and anti- 
inflammatory cytokines; the balance between these cytokines is determined by the 
macrophage activation status. As NF-κB is a critical mediator of pro-inflammatory 
cytokine production, excessive activation of NF-κB in macrophages contributes to 
the development of acute or chronic inflammatory diseases. Recent studies showed 
that overexpression of Hsp70 may affect the activation of NF-κB. However, the 
precise nature of the regulatory role of Hsp70 in NF-κB activity in canine immune 
cells remains unknown. Thus, in chapter 4, we investigated the potential anti-
inflammatory role of Hsp70 in canine macrophages. 

Endogenous Hsp70 in macrophages can be induced in many different ways, such 
as by heat stress, inflammatory environment and chemical stressors (sodium 
arsenite) (27, 28). In our study, we showed that sodium arsenite dose-dependently 
induced Hsp70 expression at both the protein and gene level in 030D cells. By 
treatment of 030D cells with both arsenite and LPS, we found that LPS-induced 
expression of the pro-inflammatory cytokine IL-6 and TNF-α was significantly 
inhibited in 030D cells pre-treated with arsenite. To further confirm that the reduction 
in pro-inflammatory cytokine expression was caused by upregulation of Hsp70, a 
gene-edited version of the 030D cell line lacking inducible Hsp70 was generated 
using CRISPR-Cas9 technology. Compared to wild-type canine macrophage cells, 
the inhibitory effect of arsenite was neutralized in these Hsp70-deficient cells. Similar 
to our finding in canine, it has been observed that in both murine and human 
macrophages upregulation of Hsp70 induced by hyperthermia decreased the 
expression of IL-6, IL-1β and TNF-α (29, 30). Besides, Ding et al. showed that 
overexpression of Hsp70 in human macrophages resulted in inhibited expression of 
IL-1β, TNF-α, IL-10 and IL-12, but not IL-6 (31). Moreover, Hsp70 induced by 
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arsenite decreased LPS-induced cytokine TNF-α and IL-6 production in murine 
Kupffer cells (27). It is worth mentioning that in our study IL-1β expression was not 
inhibited by upregulated Hsp70 in both wild-type canine macrophage cells and in 
Hsp70-deficient cells. This may be due to the specific mechanism of IL-1β 
production. As known, IL-1β exists in two forms, inactive precursor IL-1β (pro-IL-1β) 
and mature IL-1β. The inactive IL-1β precursor accumulates in the cytosol until 
processed into an active cytokine by caspase-1(32). Moreover, apart from NF-κB, 
other signaling pathway also regulate IL-1β, such as the inflammasome, the p38α-
MAPK-MK2 pathway, and cAMP-PKA pathway (33, 34). 

The expression of a large number of proinflammatory cytokine genes, such as IL-1, 
IL-6 and TNF-α, is regulated by NF-κB. NF-κB normally exists in an inactive complex, 
bound to the inhibitory protein IκB. Activation of NF-κB signaling is triggered by the 
release of NF-κB dimers and its further phosphorylation. The p50/p65 dimer is the 
most studied and common form of NF-κB (35), whereby activation of p65 is involved 
in transcription of pro-inflammatory cytokines (36). Phosphorylation of p65 at Ser536 
contributes to its nuclear translocation and DNA binding (37). In chapter 4, we 
showed that treatment of canine macrophages with LPS led to enhanced 
phosphorylation of p65 at Ser536, while pre-treatment of the cells with arsenite 
inhibited LPS-induced p65 phosphorylation. Therefore, we hypothesized that 
arsenite-induced Hsp70 upregulation may result in the inactivation of p65. To test 
our hypothesis, we further analyzed the phosphorylation levels of p65 in Hsp70-
deficient cells. Our results showed that the inhibitory effect of arsenite treatment is 
attenuated in Hsp70-deficient cells. Taken together, our study in chapter 4 reveals 
that Hsp70 may regulate inflammatory responses through NF-κB activation and 
cytokine expression in canine macrophages. 

In line with our study, Hsp70 overexpression attenuated IκB degradation and the 
translocation of p65 in a murine macrophage cell line (38). Similarly, sodium arsenite 
also inhibited NF-κB activation by inducing Hsp70 in mouse kupffer cells (27). In 
addition, Hsp70 has been shown to interact with other molecules such as TRAF6, 
IKK or p50 and so affect the NF-κB pathway (39-41). However, the exact molecular 
basis of Hsp70 and NF-κB interaction is still unclear. In our study, we compared the 
amino acid sequences of murine and canine p65; and predicted the potential Hsp70 
binding sites on the canine p65 protein. We found that the phosphorylation sites are 
located in proximity to the accessible chaperone binding peptides, suggesting that 
Hsp70 may stabilize p65 by occupying its phosphorylation sites. 

On the contrary, some studies showed that induction of endogenous Hsp70 by 
hyperthermia promoted pro-inflammatory cytokine production by macrophages. 
Elevating the body temperature of LPS-treated mice increased the serum 
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concentrations of TNF-α, IL-6 and IL-1β (42), and heat treatment induced Hsp70 
expression and TNF-α production in macrophages, suggesting a pro-inflammatory 
role of Hsp70 (43). Further studies showed that elevating the body temperature of 
mice also resulted in an increase in LPS-induced NF-kB activation (43). Since 
macrophages are highly plastic, the contradictory role of Hsp70 on macrophages 
might depend on their activation status. 

Future perspectives 

At present, the treatment of eye diseases by inducing Hsp70 is mostly based on the 
cell protective roles of HSP70. A great number of studies have demonstrated that 
Hsp70 enhances RPE or ganglion cell survival in various eye diseases (23, 44). 
However, the immunomodulatory effect of Hsp70 in the treatment of eye diseases 
has not been explored. Recently, Jiang, Shuhong, et al. reported that nasal 
immunization with a low dose of Hsp60 induced immune tolerance and increased 
the levels of Tregs in a mouse glaucoma model, and reduced RGC and functional 
loss (24). Our preliminary data also showed that nasal immunization with the Hsp70 
peptide B29 had a promising neuroprotective effect in a mouse glaucoma model 
(personal communication). Furthermore, studies have shown that RPE cells in the 
presence of inflammatory mediators express MHC I and MHC II molecules (45-47). 
RPE cells could present extracellular peptides to CD4 T cells via MHC II, inducing 
anergic T cells (48). Previous studies have shown that both Hsp70 inducers and co-
inducers promoted Hsp70 expression at the site of inflammation, led to the increased 
number of Treg cells and, finally, inhibited inflammation caused by autoimmune 
diseases, such as experimental autoimmune uveoretinitis and arthritis (13, 49). 
These studies suggest that in autoimmune eye diseases it is possible that induced 
endogenous Hsp70 is presented by RPE cells or professional APCs to induce Tregs, 
meeting the purpose of treating eye diseases. Therefore, based on the 
characteristics of HSPs co-inducers, leucinostatin (in chapter 3) may have a 
promising therapeutic role in chronic eye diseases. 

Moreover, the results described in chapter 4 showed anti-inflammatory properties 
of Hsp70. Besides, stress responses in macrophages may also trigger phenotypic 
changes of macrophages, by regulating the M1/M2 balance (50). This effect may be 
mainly caused by HSP70 (51, 52). Except for macrophages, Hsp70 has been found 
capable of activating dendritic cells, monocytes, and natural killer cells (53). On the 
other hand, during cellular stress, increased Hsp70-chaperoned peptides in APCs 
can be presented on MHC class I, and further activate CD8 T cells. Macrophages 
are able to internalize HSP-chaperoned peptides via CD91, and then present 
antigenic peptides by MHC class I and II, leading to CD4 and CD8 T cell responses 
(54). A study from our group showed that a conserved Hsp70 epitope, B29, 
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presented by MHC II could lead to Treg induction (11). Based on what was discussed 
above, Hsp70 seems to be a link between innate and adaptive immunity. Combining 
its role in the induction of immune tolerance, the induction of Hsp70 shows a 
promising therapeutic effect in macrophages, with possible relevance for chronic 
diseases. 

Comparison of polarization properties of canine monocyte-
derived macrophages (MDMs) and canine 030D cell derived 
macrophages 

Plasticity and heterogeneity of macrophages give rise to a continuum of polarization 
and activation states, represented by two extreme states: M1 and M2 macrophages 
(55). The shift between M1 and M2 polarization state is often associated with the 
onset and development of immunological and inflammatory diseases (56). 
Therefore, the definition and modulation of M1 and M2 polarization states in 
diseases may be useful for diagnosis and therapy. In in vitro studies, tissue-resident 
macrophages are either directly isolated from tissues such as lung for alveolar 
macrophages, liver for Kupffer macrophages, spleen, and peritoneal macrophages, 
or derived from bone marrow and monocytes (PBMC). Among them, PBMCs are 
widely used because of their many advantages. For example, circulating monocytes 
in vivo are the main source of replenished tissue-resident macrophages and 
infiltrating macrophages, thus monocyte-derived macrophages in vitro resemble 
natural macrophages quite well; compared to other macrophages, isolation and 
polarization of monocytes is relatively easy and leading to less animal sacrifice. In 
addition to monocytes, monocyte-like cell lines are an alternative source of 
macrophages. Both monocyte-derived and monocyte-like cell line-derived 
macrophages are widely adopted in human and mouse macrophage studies (57-59). 
However, there is no standard protocol for polarization and characterization of 
canine monocyte-derived and monocyte-like cell line-derived macrophages. Hence, 
in chapter 5 and 6, we first polarized canine monocyte and monocyte-like cells 
(030D cells) into macrophages. Subsequently, polarized macrophages were 
comprehensively characterized by morphology, phenotypes, gene expression and 
functional properties. 

In our study, canine MDMs were polarized for 7 days in the presence of GM-CSF for 
M1 or M-CSF for M2 cells. At day 5, M1 and M2 MDMs were activated with IFN-γ 
and LPS, or IL-4 separately. 030D-derived macrophages were polarized for 3 days 
in the presence of IFN-γ and LPS for M1, or IL-4 for M2. These experiments showed 
significant morphological differences between the M0, M1 and M2 subsets. During a 
7-day polarization, canine monocyte-derived M0 cells at day 1 had almost the same 
small and round morphology as monocytes. Compared to M0 cells, canine M1 MDMs 
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showed a bigger, round shape with pseudopods and amoeboid morphology. A 
similar change in morphology was observed in canine 030D-derived M1 cells. In 
contrast, canine M2 MDMs presented with an elongated, spindle-like morphology at 
day 5; the proportion of elongated cells was increased at day 7. Conversely, only a 
small portion of 030D-derived M2 macrophages appeared to have a spindle-like 
shape at day 3. These data are in line with previous findings in humans and mice, 
where the morphology of M1 cells is described as fired-egg shape, while M2-
polarized macrophages present themselves in stretched and spindleoid shapes (60, 
61). Besides, Gao, Jiye, et al. observed similar morphological differences between 
M1 and M2 polarized macrophage populations in pigs (62). Thus, these 
morphological changes are like our observations in canine M1 and M2 cells. In 
contrast with our study, one canine macrophage study described M2 cells as a 
heterogenous population (63). Both spindle-like cells and multinucleated giant cells 
were found within the M2 population (63). Another study did not find spindle-like cells 
in either canine blood-derived or cell line-derived (DH82) M2 macrophages (64). We 
found that in these two studies, macrophages were polarized from PBMCs, which 
may have led to contamination with granulocytes and dendritic cells. In addition, the 
continuous subculturing of cell lines such as DH82 may cause gene loss, resulting 
in an unexpected morphology. In addition, our results showed that canine M1 MDMs 
were larger and more granular than M0 and M2 MDMs. A similar description was 
found on pig M1 macrophages as well (62). 

Morphological changes in macrophages have been associated with phenotypes and 
functional states, including surface makers, gene expression and phagocytosis (60, 
65, 66). In our study, canine MDMs and 030D-derived macrophages were identified 
by the expression of the pan-macrophage markers CD14 and CD11b. Other 
macrophage-specific markers such as Mer tyrosine kinase receptor (MerTK) and 
CD115 were also measured on 030D-derived macrophages (67, 68). MerTK was 
widely expressed by all 030D-derived M0, M1 and M2 cells. CD115 expression was 
decreased in 030D-derived M1 cells, but not M0 and M2 cells, suggesting that 
CD115 might be a marker for M1/M2 in canine. M1 and M2 cells from both MDM and 
030D can be distinguished by the expression of surface markers. As M1 markers, 
MHC II and co-stimulatory molecules, CD40, CD80 and CD86, were selected. Those 
markers were highly expressed under M1 polarizing states on both MDMs and 030D 
macrophages. In addition, all Fcγ receptors (CD16, CD32 and CD64) were 
expressed at a higher level in M1 cells derived from the 030D cell line. Unlike 030D-
derived macrophages, the expression of CD32 was found higher in M2 than M1 in 
dog MDMs. Similarly, CD83 expression was slightly upregulated in 030D-derived M2 
cells, but downregulated in dog M1 MDMs. The difference of M1 marker profiles 
between canine monocyte- and 030D-derived macrophages has not been 
elucidated. Likewise, a difference of surface marker expression between human 
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THP-1 and monocyte-derived macrophages was also reported (69). Therefore, a 
further study is needed to compare gene expression profiles between canine 030D- 
and monocyte-derived macrophages. M2 macrophages were generally 
characterized by the expression of CD206, CD209 and CD163 (70-72). Both canine 
monocyte- and 030D-derived M2 cells have a higher expression of CD206, CD209 
and CD163, compared to corresponding M1 macrophages. 

Next, cytokine profiles of 030D-derived M1 and M2 macrophages were compared in 
chapter 6. In most of the studies, pro-inflammatory cytokines, such as IL-6, IL-1β, 
TNF-α, IL-12, COX2, are used to characterize M1 macrophages, whereas M2 
macrophages express the anti-inflammatory cytokines IL-10 and TGF-β (73, 74). 
Besides, M1 and M2 activation states are also defined by nitric oxide production and 
arginase-1 expression respectively. Our results showed that 030D-derived M1 
macrophages exhibited both M1 and M2 cytokine signatures by expressing IL-6, IL-
1β, TNF-α, IL-12p35/40, IL-23p19, COX2, CCL2, CCR7, TGF-β and IL-10. Both 
relatively higher levels of iNOS and arginase-1 were observed in 030D-deirved M1 
macrophages. However, neither M1 nor M2 macrophages produced detectable nitric 
oxide. Moreover, newly established M1 marker genes, LOX-1 and LXN, and M2 
marker genes, MS4A2, are found to be expressed by canine 030D-derived M1 and 
M2 macrophages respectively (63, 75). The overlap of cytokine signature between 
M1 and M2 cells indicated that 030D-derived macrophages may be in a middle state 
of two extreme polarization states (M1 and M2). 

To systematically investigate the difference between dog monocyte-derived M1 and 
M2 macrophages, global gene profiles of dog macrophages were characterized 
through mRNA sequencing in chapter 5. As expected, M0, M1 and M2 macrophages 
share a common set of genes, which may maintain the basic functions of 
macrophages, while each subset has a set of subset-specific expressed genes. 
Compared to M0 cells, 1649 differentially expressed genes (DEGs) (p < 0.05 and 
|log2(FC)| > 1) were upregulated in M1 cells including pro-inflammatory cytokines 
and chemokines, such as IL-1β, TNF-α, CCL and CXCL. Besides, MHC I and II were 
also increased in M1 cells. These genes were found to be upregulated in 030D-
derived M1 cells as well. GO and KEGG analysis revealed that upregulated genes 
in M1 cells were mainly enriched for genes involved in inflammation- and immune-
related processes and pathways, such as cytokine and chemokine activity, and Th1, 
Th2 and Th17 differentiation (supplementary Table S15 and S17). A total of 901 
upregulated DEGs were identified in M2 cells compared to M0 cells. Similar to M1 
cells, immune-related GO terms and pathways the most enriched DEGs of M2 cells. 
In the comparison of M1 and M2, 1688 DEGs were upregulated in M1 cells, which 
are significantly associated with immune-related GO terms and pathways, such as 
immune response, antigen processing and presentation, TNF signaling pathway and 
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IL-17 signaling pathway, etc. In contrast, 1436 DEGs were found to be upregulated 
in M2 cells, which are enriched in GO terms related to DNA and RNA metabolic 
processes, cell cycle, and helicase activity, etc., and pathways relative to cell cycle, 
DNA replication, ribosome and β-alanine metabolism, etc. In addition, phagocytosis-
related genes were also highly enriched in M1 and M2 cells, suggesting an 
enhancement of phagocytotic capacity. Furthermore, principal component analysis 
of all genes showed that M1 cells were clearly separated from M2 cells, which 
confirms that they are distinct populations. Nevertheless, M0 and M2 cells were 
clustered together. In line with our observation, a study on mouse macrophages 
demonstrated also that M2 cells clustered with M0 rather than with M1 (76). Taken 
together, our results indicate that dog monocyte-derived M1 and M2 cells in vitro 
display distinct gene profiles, which are strongly associated with the immune 
response, inflammation and cellular proliferation. 

As professional phagocytes, phagocytosis is the main function of macrophages in 
tissue repair, host defense and homeostasis maintenance. However, there is still 
controversy in comparison of phagocytosis between M1 and M2 macrophages. M1 
macrophages with stronger phagocytosis were shown in some studies, while others 
demonstrated that M2 macrophages displayed a higher phagocytosis (77-80). In 
chapter 5 and 6, we showed that both monocyte- and 030D-derived macrophages 
possess the ability to strongly phagocytose latex beads, which may result from 
widely expressed phagocytic related receptors, such as CD14, MerTK, lectins and 
integrins (81-83). 030D-derived M1 macrophages developed the strongest 
phagocytosis among 030D-derived M0, M1 and M2 cells, while M2 cells from 
monocyte-derived macrophages have a higher phagocytosis capacity than M0 and 
M1 cells. Likewise, the difference in phagocytosis between cell line and primary 
monocytes was also found in a human macrophage study (84). Different activation 
states caused by pathogen infection may regulate phagocytosis of M1 and M2. It is 
reported that microbial pathogens could control phagocytosis during infection (85). 
In the early phase of infection, M1 cells dominate the inflammatory response. Non-
opsonic receptors on M1 cells are activated by pathogen associated molecular 
patterns (PAMPs), which further assists in inducing phagocytosis (85). Activated M1 
phagocytose and ingest invaded pathogens, secrete cytokines, and present antigens 
of pathogens. M2 cells obtain very high phagocytosis capacity in the late phase of 
infection (78). Highly expressed scavenger receptors and mannose receptors on M2 
cells may contribute to phagocytosis for the removal of dead cells, and debris. 
Moreover, Fcγ receptors (CD64, CD32 and CD16) and complement receptors (CR3 
and CR4) are major mediators of phagocytosis (85, 86). The treatment of cytokines, 
like M-CSF, TGF-β or IL-10 treatment was also shown to increase the phagocytic 
capacity of macrophages (87, 88). Thus, phagocytosis is a complex process, which 
is influenced by many factors, including activation state, cytokines, surface markers 
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and pathogens. A comprehensive investigation is needed when phagocytosis of M1 
and M2 is compared. 

Taken together, we successfully polarized canine monocytes and 030D cells into 
M0, M1 and M2 macrophages. Characterized canine macrophages shared many 
similarities to human and mouse macrophages in morphology, phenotypes, gene 
expression and phagocytosis. Well-characterized canine macrophages are 
instrumental in canine immunological studies of the future. 

Future perspectives 

Dogs can spontaneously and frequently develop plenty of immune diseases, such 
as cancers and autoimmune diseases, which are highly similar to human diseases. 
Therefore, the dog has been regarded as an attractive animal model for human 
diseases. For example, type 1 diabetes in dogs highly resembles the human disease 
(87). Thus, dog can be used as a translational animal model for certain human 
diseases. The investigation of canine macrophages would be useful for studies on 
human macrophage-related diseases in which canine is used as a translational 
animal model. 
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Summary 
This thesis can be roughly divided into two parts. In the first three chapters, we 
discussed and studied the role of Hsp70 in retinal pigment epithelial (RPE) cells, and 
the innate and adaptive immune response. We reviewed the relationship of T cell-
mediated diseases and HSPs, and pointed out that the induction of Hsp70 may 
contribute to therapeutic tolerance (chapter 2). Then, we explored a new Hsp70 co-
inducer, leucinostatin, and its role in canine RPE cells (chapter 3). Further, we 
studied the anti-inflammatory effects of Hsp70 in canine macrophages (chapter 4). 
In the last two chapters, we focus on various differently activated canine macrophage 
subsets originating from both primary monocytes and a monocyte-like cell line (030D 
cell) (chapter 5 and 6). We successfully polarized canine monocyte-derived 
macrophages (MDMs) into M1 and M2 cells and thoroughly characterized their 
features (chapter 5). Meanwhile, we demonstrated that 030D cells can be 
differentiated into M1 and M2 macrophages and that each subset shares the 
characteristics of the corresponding canine monocyte-derived macrophage subset. 
Results and conclusions from each chapter are summarized hereafter. 

In chapter 1, we give a general introduction of this thesis, including basic knowledge 
of HSPs and Hsp70, the role of Hsp70 in eye diseases and macrophages, and up-
to-date research progress on macrophage polarization and characterization.  

Inducible HSPs, especially Hsp70, play a crucial role in multiple inflammatory and 
immune diseases, such as cancer, rheumatoid arthritis, and eye diseases. Diagnosis 
and therapies targeting the retinal pigment epithelium (RPE) layer have been 
documented for numerous eye diseases in humans can canine. In recent years, the 
induction of Hsp70 in RPE has shown therapeutic effects in RPE-related eye 
diseases. Therefore, exploring non-toxic inducers or co-inducers of Hsp70 for RPE 
cells is a promising way to cure eye diseases. 

An increasing number of studies, not restricted to eye diseases, has shown that the 
induction of Hsp70 has impact on macrophage function, by modulating inflammation-
related signaling pathways and cytokine production. Dysfunction of macrophages 
affects the balance between inflammation and its resolution, which is the main cause 
of chronic diseases, including eye diseases and autoimmune diseases. Therefore, 
the role of Hsp70 in macrophages and macrophage-related diseases was reviewed 
in chapter 1. Furthermore, the effect of upregulated Hsp70 in canine macrophages 
was investigated in chapter 4. 

In addition, macrophages represent a group of heterogeneous cells containing a 



Summary in English 

203 

8 

continuum of polarization and activation states, such as M1 and M2 macrophages. 
Imbalance of macrophage polarization is closely related to many immune diseases, 
such as autoimmune diseases, cancers, and chronic inflammatory diseases. 
However, the information about canine macrophage culturing and polarization is 
largely lacking. In this thesis, both canine monocyte- and 030D-derived 
macrophages were studied. 

In chapter 2, a series of T cell-mediated chronic inflammatory diseases was 
reviewed. We discussed the immunomodulatory effects of Hsp70 in current clinical 
trials and laboratory research, as well as the application prospects of Hsp70 in other 
autoimmune diseases. We also pointed out that several eye diseases like uveitis and 
idiopathic retinal vasculitis, are Th1 or Th17 mediated diseases, which may establish 
therapeutic tolerance through the induction of Hsp70 specific Treg cells. We also 
discussed that both exogenous and endogenous Hsp70 are able to boost the 
frequency of Hsp70 specific Tregs. Hence boosting Hsp70 by its co-inducers may 
lead to enhanced Hsp70 specific Treg responses, and further mitigate the progress 
of chronic diseases. This provided clues for our follow-up research on eye diseases. 

In chapter 3, we identified an Hsp70 co-inducer (leucinostatin) and developed a 
method for isolation and culture of canine RPE cells. Furthermore, we investigated 
whether the compound leucinostatin could enhance Hsp70 expression in arsenite-
stressed RPE cells. Our data showed that canine RPE cells were isolated and 
cultured successfully. The purity of cells that strongly expressed RPE65 was over 
90%. In addition, leucinostatin, which enhanced heat shock factor-1-induced 
transcription from the heat shock promoter in DNAJB1-luc-O23 reporter cell line, also 
enhanced Hsp70 expression in arsenite-stressed RPE cells, in a dose-dependent 
fashion. These findings demonstrate that leucinostatin can boost Hsp70 expression 
in canine RPE cells, most likely by activating heat shock factor-1, suggesting that 
leucinostatin might be applied as a new co-inducer of Hsp70 expression. 

In chapter 4, we investigated the potential anti-inflammatory effects of Hsp70 in 
canine macrophages as well as the mechanisms underlying these effects. We first 
showed that non-toxic concentrations of arsenite induced Hsp70 expression in 
canine macrophages. Then we found that Hsp70 upregulation significantly inhibited 
the LPS-induced expression of the pro-inflammatory mediators, TNF-α and IL-6, as 
well as the activation of NF-κB in canine macrophages. Furthermore, CRISPR-Cas9-
mediated gene editing of inducible Hsp70 neutralized this inhibitory effect of cell 
stress on NF-κB activation and pro-inflammatory cytokine expression. Collectively, 
our study revealed that Hsp70 may regulate inflammatory responses through NF-κB 
activation and cytokine expression in canine macrophages. 
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In chapter 5, we isolated and polarized dog monocytes with GM-CSF, IFN-γ and 
LPS for M1, or M-CSF and IL-4 for M2. Further, polarized macrophage subsets were 
thoroughly characterized based on morphology, surface makers feature, gene 
profiles and functional properties. Our results showed M1-polarized macrophages 
appeared as round cells with a dominant amoeboid and “fried- egg” phenotype, while 
M2-polarized macrophages obtained an elongated spindle-like morphology. 
Phenotypically, M1-polarized MDMs expressed high levels of CD40, CD80 CD86 
and MHC II, while a significant increase in the expression levels of CD206, CD209, 
CD163, and CD32 was observed in M2-polarized macrophages. RNA sequencing 
showed that M1 and M2-polarized macrophages have distinct gene expression 
profiles, related to the immune response, cell differentiation and phagocytosis. 
Functionally, all three polarization states of dog MDMs can phagocytose latex beads, 
but M2-polarized macrophages exhibited the strongest phagocytic capacity 
compared to M0- and M1-polarized macrophages. With our work, we contribute to a 
better understanding of canine macrophage biology in relation to the immune 
system. 

In chapter 6, monocyte-like 030D cells were polarized into M1 and M2 macrophages 
for three days with either IFN-γ + LPS for M1 or IL-4 for M2. Subsequently, 030D-
derived M0, M1 and M2 macrophages were comprehensively characterized on each 
day for morphology, phenotypic characteristics, marker gene expression and 
phagocytosis. Our results showed that 030D-derived M1 macrophages obtained a 
bigger, roundish, and amoeboid shape, i.e. a “fried-egg” morphology, whereas some 
of the M2 macrophages adopted an elongated morphology. Macrophages at all three 
polarization states expressed the pan-macrophage markers CD14 and CD11b. Flow 
cytometry analysis showed that 030D-derived M1 macrophages upregulated the 
expression of CD32, CD40, CD80, CD83, CD86 and MHC II, while M2 macrophages 
expressed a relatively high level of CD206 compared to M1 macrophages. 030D-
derived M1 macrophages highly upregulated the expression of pro-inflammatory 
cytokines and chemokines, including IL-6, IL-1β, TNF-α, IL-12p35/40, IL-23p19, 
COX2, CCL2, CCR7, TGF-β, and IL-10, while the novel identified M2 marker MS4A2 
was significantly upregulated in M2 macrophages in comparison to M1 
macrophages. Besides, qPCR analysis showed that mRNA levels of CD16, CD32, 
CD40, CD64, LOX-1, LXN, DLA I, MHC II, CIITA and arginase-1 were upregulated 
in M1 macrophages compared to M2 macrophages. Functionally, we found that M1 
macrophages had a stronger phagocytic capacity than M0 and M2 macrophages. 
Taken together, in our study it became evident that canine 030D-derived M1 and M2 
macrophages showed many similarities to M1 and M2 macrophages derived from 
other species, such as human, mouse, pig and ovine. Thus, the 030D-derived 
macrophage can be a powerful cell model for canine immunological studies. 
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Finally, in chapter 7, the results and insights from each chapter are discussed based 
on the latest research results from different species. We believe that the content of 
this thesis may contribute to a better understanding of canine Hsp70, eye diseases, 
macrophages, and the relationships between them.  
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Samenvatting 
Dit proefschrift kan grofweg in twee delen worden verdeeld. In de eerste drie 
hoofdstukken hebben we de rol van Hsp70 in retinale pigmentepitheelcellen (RPE) 
en de aangeboren en adaptieve immuunrespons besproken en bestudeerd. We 
onderzochten de relatie tussen T-cel-gemedieerde ziekten en HSPs, en wezen erop 
dat de inductie van Hsp70 kan bijdragen aan therapeutische tolerantie (hoofdstuk 
2). Vervolgens onderzochten we een nieuwe Hsp70 co-inductor, leucinostatine, en 
diens rol in RPE-cellen van honden (hoofdstuk 3). Verder hebben we de 
ontstekingsremmende effecten van Hsp70 in macrofagen bij honden bestudeerd 
(hoofdstuk 4). In de laatste twee hoofdstukken richtten we ons op verscheidene 
verschillend geactiveerde macrofaag subsets van honden, afkomstig uit zowel 
primaire monocyten als een monocyt-achtige cellijn (030D cellijn) (hoofdstuk 5 en 
6). We hebben met succes honden monocyt-afgeleide macrofagen gepolariseerd 
(MDMs) tot M1 en M2 cellen en hun kenmerken grondig gekarakteriseerd 
(hoofdstuk 5). Verder laten we zien dat ook 030D-cellen tot M1- en M2-macrofagen 
kunnen worden gedifferentieerd en dat beide subsets de kenmerken van de 
overeenkomstige hondenmonocyten afgeleide macrofaagsubsets delen. De 
resultaten en conclusies van elk hoofdstuk worden hieronder samengevat. 

In hoofdstuk 1, geven we een algemene introductie van dit proefschrift, inclusief 
basis informatie over HSPs en Hsp70, de rol van Hsp70 in oogziekten en 
macrofagen, en actueel onderzoeksvoortgang op het gebied van 
macrofaagpolarisatie en karakterisering. 

Induceerbare HSPs, vooral Hsp70, spelen een cruciale rol bij meerdere ontstekings- 
en immuunziekten, zoals kanker, reumatoïde artritis en oogziekten. Diagnose en 
therapieën die gericht zijn op de RPE-laag zijn gedocumenteerd voor tal van 
oogziekten bij mensen en honden. De afgelopen jaren is er aangetoond dat Hsp70 
inductie in RPE therapeutische effecten heeft op RPE-gerelateerde oogziekten. 
Daarom kan onderzoek naar niet-toxische (co-) inductoren van Hsp70 in RPE-cellen 
bijdragen aan de ontwikkeling van nieuwe therapieën voor oogziekten. 

Een toenemend aantal studies, niet allen op het gebied van oogziekten, laat zien dat 
de inductie van Hsp70 invloed heeft op de functie van macrofagen middels het 
moduleren van ontstekingsgerelateerde signaalroutes en cytokinen productie. 
Disfunctie van macrofagen beïnvloedt het evenwicht tussen ontsteking en de 
resolutie hiervan, wat de belangrijkste oorzaak is van chronische ziekten, waaronder 
oogziekten en auto-immuunziekten. Daarom werd de rol van Hsp70 in macrofagen 
en macrofaag-gerelateerde ziekten besproken in hoofdstuk 1. Verder werd het 



Chapter 8 

208 

effect van verhoogde Hsp70-expressie in macrofagen bij honden onderzocht in 
hoofdstuk 4. 

Daarnaast vertegenwoordigen macrofagen een groep heterogene van cellen die een 
continuüm van verschillende polarisatie- en activeringstoestanden 
vertegenwoordigen, zoals M1- en M2-macrofagen. Een disbalans in 
macrofaagpolarisatie is nauw gecorreleerd aan veel immuunziekten, zoals auto-
immuunziekten, kanker en chronische ontstekingsziekten. Informatie over het 
kweken en polariseren van macrofagen bij honden ontbreekt echter grotendeels. In 
dit proefschrift worden zowel monocyt- als van de cellijn 030D-afgeleide macrofagen 
van honden bestudeerd. 

In hoofdstuk 2, wordt een serie T-cel-gemedieerde chronische ontstekingsziekten 
besproken. We bediscussieerden het immunomodulerende effect van Hsp70 dat 
wordt waargenomen in huidig klinisch- en laboratoriumonderzoek, evenals de 
toepassingsmogelijkheden van Hsp70 bij andere auto-immuunziekten. We wezen er 
ook op dat verschillende oogziekten, zoals uveïtis en idiopathische retinale 
vasculitis, Th1- of Th17-gemedieerde ziekten zijn. Deze T cellen kunnen 
therapeutisch getoleriseerd worden, door de inductie van Hsp70-specifieke Treg-
cellen. We hebben ook besproken dat zowel exogeen als endogeen Hsp70 de 
frequentie van Hsp70-specifieke Tregs kan verhogen. Daarom kan het stimuleren 
van Hsp70 expressie door een co-inductor leiden tot een verbeterde Hsp70-
specifieke Treg-respons, waardoor de verdere progressie van chronische ziekten 
wordt verminderd. Dit leverde aanknopingspunten op voor ons vervolgonderzoek 
naar oogziekten. 

In hoofdstuk 3, identificeerden we een Hsp70 co-inducer (leucinostatine) en 
ontwikkelden we een methode voor isolatie en kweek van honden RPE cellen. 
Verder hebben we onderzocht of leucinostatine de Hsp70-expressie in arseniet-
gestresste RPE-cellen kan verbeteren. We waren succesvol in het isoleren en 
kweken van honden RPE-cellen. De zuiverheid van cellen die de RPE marker 
RPE65 sterk tot expressie brachten, was meer dan 90%. Bovendien verhoogde 
leucinostatine, dat de door heatshock factor-1 geïnduceerde transcriptie van de 
heatshock promotor in een DNAJB1-luc-O23-reportercellijn verbeterde, ook de 
Hsp70-expressie in arseniet-gestresste RPE-cellen, op een dosisafhankelijke 
manier. Deze bevindingen tonen aan dat leucinostatine de Hsp70-expressie in RPE-
cellen van honden kan verhogen, hoogstwaarschijnlijk door heatshock factor-1 te 
activeren, hetgeen suggereert dat leucinostatine zou kunnen worden toegepast als 
een nieuwe co-inductor voor Hsp70-expressie. 

In hoofdstuk 4, hebben we de mogelijke ontstekingsremmende effecten van Hsp70 
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in honden macrofagen onderzocht, evenals de mechanismen die aan deze effecten 
ten grondslag liggen. We toonden eerst aan dat niet-toxische arseniet concentraties 
tot Hsp70-expressie in hondenmacrofagen leidden. Vervolgens ontdekten we dat 
Hsp70-inductie zowel de LPS-geïnduceerde expressie van de pro-inflammatoire 
mediatoren TNF-α en IL-6, als de activering van NF-KB in hondenmacrofagen 
significant remde. Andersom neutraliseerde CRISPR-Cas9-gemedieerde 
modificatie van het Hsp70 gen het remmende effect van celstress op NF-KB-
activering en pro-inflammatoire cytokine expressie. Samenvattend laat onze studie 
zien dat Hsp70 in de honden in staat is om ontstekingsreacties te reguleren via 
activatie van NF-KB- en cytokine expressie in macrofagen. 

In hoofdstuk 5 hebben we hondenmonocyten geïsoleerd en gepolariseerd met GM-
CSF, IFN-γ en LPS voor M1, of M-CSF en IL-4 voor M2. Verder werden 
gepolariseerde macrofaagsubsets uitvoerig gekarakteriseerd op basis van 
morfologie, eigenschappen van oppervlaktemarkers, genexpressieprofielen en 
functionele eigenschappen. Onze resultaten toonden aan dat M1-gepolariseerde 
macrofagen eruitzagen als ronde cellen met een dominant amoeboïde en "gebakken 
ei" fenotype, terwijl M2-gepolariseerde macrofagen een langwerpige spindelachtige 
morfologie verkregen. Fenotypisch vertoonden M1-gepolariseerde MDM's een hoog 
expressieniveau van CD40, CD80, CD86 en MHC II, terwijl in M2-gepolariseerde 
macrofagen een significante toename van CD206, CD209, CD163 en CD32 werd 
waargenomen. RNA-sequencing toonde in M1- en M2-gepolariseerde macrofagen 
verschillende genexpressieprofielen aan, die nauw verband houden met de 
immuunrespons, celdifferentiatie en fagocytose. Functioneel konden alle drie MDM-
afgeleide macrofaag polarisatie vormen latexparels fagocyteren, maar M2-
gepolariseerde macrofagen vertoonden de sterkste fagocytische capaciteit.  
Samenvattend verbeteren deze studies het begrip van macrofaagbiologie en het 
immuunsysteem in honden. 

In hoofdstuk 6 werd de monocyt-achtige cellijn 030D gepolariseerd tot M1 en M2 
macrofagen, door de cellen gedurende drie dagen met ofwel IFN-γ + LPS voor M1 
of IL-4 voor M2 te kweken. Vervolgens werden de 030D-afgeleide M0-, M1- en M2-
macrofagen dagelijks bestudeerd m.b.t. morfologie, fenotypische kenmerken, 
expressie van markergenen en fagocytose. Onze resultaten lieten zien dat de van 
030D afgeleidde M1-macrofagen een grotere, rondere en amoeboïde vorm hadden 
aangenomen, oftewel een "gebakken ei" -morfologie, terwijl sommige M2-
macrofagen een langwerpige vorm aannamen. Macrofagen in elk van de drie 
polarisatietoestanden brachten de pan-macrofaagmarkers CD14 en CD11b tot 
expressie. Flowcytometrie-analyse toonde aan dat 030D M1-macrofagen 
gekenmerkt werden door een hoge expressie van CD32, CD40, CD80, CD83, CD86 
en MHC II, terwijl M2-in vergelijking tot M1 macrofagen meer CD206 tot expressie 



Chapter 8 

210 

brachten. Van 030D-afgeleide M1-macrofagen verhoogden de expressie van pro-
inflammatoire cytokinen en chemokinen zoals IL-6, IL-1β, TNF-α, IL-12p35/40, IL-
23p19, COX2, CCL2, CCR7, TGF-β, en IL-10, terwijl de recent geïdentificeerde M2-
marker MS4A2 significant verhoogd was in M2-macrofagen. Bovendien toonde 
qPCR-analyse aan dat de mRNA-niveaus van CD16, CD32, CD40, CD64, LOX-1, 
LXN, DLA I, MHC II, CIITA en arginase-1 verhoogd waren in M1-macrofagen, in 
vergelijking met M2-macrofagen. Functioneel vonden we dat M1-macrofagen een 
sterkere fagocytische capaciteit hadden dan M0- en M2-macrofagen. Alles bij elkaar 
genomen werd uit onze studie duidelijk dat van honden 030D-afgeleide M1- en M2-
macrofagen veel overeenkomsten vertoonden met M1- en M2-macrofagen uit 
andere soorten, zoals mensen, muizen, varkens en schapen. De van 030D afgeleide 
macrofaag kan dus een krachtig celmodel zijn voor immunologische studies bij 
honden. 

Ten slotte worden in hoofdstuk 7, de resultaten en inzichten uit elk hoofdstuk 
besproken op basis van de laatste onderzoeksresultaten in verschillende 
organismen. Wij zijn van mening dat de inhoud van dit proefschrift bijdraagt aan een 
beter begrip van Hsp70 bij honden, oogziekten, macrofagen en de relatie hiertussen. 
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