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Memory CD4+ T cells, specifically type-2 (Th2) cells, are pivotal in defending against infections
caused by extracellular pathogens, including several economically important parasites. However,
whether interleukin-4 (IL4) expression is a signature feature of bovine Th2 cells likewise in mice
and humans is unclear. Pasture-raised cattle, routinely exposed to extracellular parasites such
as Ostertagia ostertagi (OO), are likely to develop a typical Th2 memory response. Therefore,
using cytokine induction assay, we evaluated the circulatory memory bovine T cell profile of these
cattle and also analyzed if expression of presumptuous memory marker, CD45R0, is reliable in
identifying memory bovine T cells. Surprisingly, the majority of the memory CD4+ T cells
dominantly produced interferon-gamma (IFNy), with only a small fraction co-expressing I1L4, and
memory bovine T cell identification did not correlate with CD45R0O expression. Results suggested
that cattle naturally exposed to extracellular parasites do not develop typically IL4 dominant Th2
response. To further investigate these results, resting CD4+ T cells isolated from healthy cattle

blood were cultured under simple in vitro Th2 culture. Analysis of differentiated cells through



flow cytometry revealed limited IL4 protein detection, which was in line with the lack of
upregulation of IL4 and its master regulator GATA3 transcripts shown by the quantitative
polymerase chain reaction (QPCR) assay. To validate whether differentiated cells were actually
Th2, unbiased proteomic analysis was conducted. Based on differentially expressed 397 proteins
between differentiated cells and naive phenotype, bovine Th2 differentiation was validated;
nonetheless, the process was not found to be associated with IL4 induction. Moreover, despite
using published strategies from mice and humans, such as reducing T cell receptor (TCR)
stimulation strength and adding exogenous recombinant bovine IL4, expression of I1L4 could not
be significantly enhanced. Interestingly, differentiated bovine Th2 cells proliferated in the
presence of OO antigens, suggesting that extracellular parasites could influence bovine Th2
differentiation, at least in vitro. To validate the results from pathogen-infected tissues and in vitro
culture, a panel of anti-parasitic CD4+ single T cell clones was established from five pasture-raised
cattle that were infected with OO. Evaluation of memory responses exhibited by the anti-parasitic
CD4+ single T cell clones strongly supported IFNy dominant memory response, and only 20% of
them co-expressed L4 through a small subset of IFN y + cells. All the data pointed out that bovine
CD4+ T cell differentiation is partially distinct from those in mice and humans, and 1L4 expression

is not a hallmark feature of the bovine Th2 cells.
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Chapter:1 CD4+ T cell responses to pathogens in cattle

Anmol Kandel, Magdalena Masello, & Zhengguo Xiao

1.1 Abstract:

Helper CD4+ T cells are essential in shaping effective antibody response and cytotoxic T cell
response against pathogen invasion. There are two subtypes of pathogen-specific helper T
cells in mice and humans; type 1 (Thl) and type 2 (Th2), with Thl producing interferon-
gamma (IFNy) and Th2 producing interleukin-4 (IL-4). While effective Thl controls
intracellular pathogens like viruses, efficient Th2 controls extracellular pathogens like most
parasites. However, the most predominant CD4+ T cell subtype in cattle is ThO, which
produces both IFNy and IL4, and only exists in small amounts in mice and humans.
Moreover, in many bovine infections, both IFNy and IL4 were detected in the blood and both
antigen-specific 1gG2 (Thl associated bovine antibody) and antigen-specific IgG1 (Th2
associated bovine antibody) were upregulated in the serum, suggesting bovine CD4+ T cell
responses may vary from those in mice and humans. How bovine CD4+ T cell differentiation
differs from that in mice and humans and how some critical bovine pathogens regulate
immunity to establish chronic infections are largely unknown. This chapter summarizes
current literature and identifies the knowledge gaps to provide insights into future research
in the field.

Keywords: bovine, CD4+ T cell differentiation, antigen-specific clones, ThO responses,

pathogens, chronic infections
1.2 Introduction

CD4+ T cells, also called helper T cells, are important regulators of adaptive immune

responses, which are antigen-specific and critical in protecting animals from pathogen
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infections. The control of intracellular pathogens, such as viruses, primarily depends on
antigen-specific CD8+ T cell response, whereas antibodies (produced by B cells) or humoral
immune responses is mostly responsible for the control of extracellular pathogens such as
most bacteria and parasites. CD4+ T cells are the lynchpin in shaping both CD8+ T cell and

antibody responses [4, 5].

Common lymphoid progenitor cells migrate from the bone marrow into the thymus for
further development and maturation into T cells. Inside the thymus, these progenitor cells
proliferate into a large pool of T cells, with each expressing a unique T cell receptor (TCR)
through a genetic recombination process. After TCR recombination, T cells must go through
two selection processes, and only a fraction of them pass through these selections to become
either CD4+ or CD8+ T cells [6]. Surviving CD4+ T cells then exit the thymus as naive
CD4+ T cells but without the ability to help CD8+ T cells and B cells. To become fully
functional, naive CD4+ T cells need to become activated and differentiated into specialized
effector subtypes; helper type 1 (Th1) to facilitate CD8+ T cell responses, and helper type 2
(Th2) to facilitate antibody responses [7]. Naive CD4+ T cells constantly survey secondary
lymphoid tissues to detect pathogens through their antigen-specific TCRs [8]. As opposed to
antibodies, which bind directly to pathogens or their derivatives, TCRs can only recognize
short chains of amino acids (derived from pathogens) that are presented by major
histocompatibility-11 (MHC-11) expressed on antigen presenting cells (APCs) [5]. This
recognition process provides the 1% signal required to activate naive CD4+ T cells. Along
with the 1% signal, APCs also offer co-stimulation as the 2" signal and cytokine signaling,
as the 3" signal, to the naive CD4+ T cell. Combined, these three signals coordinate CD4+

T cell differentiation into distinct effector subtypes with different helper functions [5].



Studies in humans and mice have identified numerous helper subtypes, including: Thi,
Th2, Th3, Th9, Th17, Treg, and Trl [5, 9]. Among these, Th1l and Th2 are considered to play
major roles in defending the host from pathogen invasion [10-12]. Th1l cells help CD8+ T
cells to gain killing functions, which leads to apoptosis of infected cells and induces
Interferon gamma (IFNy) mediated immunity [13-16]. On the other hand, Th2 cells help B
cells differentiate into plasma cells, which produce pathogen-specific antibodies [17].
Antibodies or humoral immunity contribute to the control of extracellular pathogens by
mechanisms like neutralizing toxins, preventing bacterial attachment to the host cell, and
stimulating basophil and mast cells to release toxic chemicals that induce the expulsion of
large gastrointestinal parasites [18, 19]. Although antibodies are mostly responsible for
controlling extracellular pathogens, they can also play important roles in cell-mediated
killing of intracellular pathogens [20]. For instance, during intracellular infections in mice,
Th1 cells help B cells become plasma cells that secrete antigen- specific immunoglobulin
subtype G2a (IgG2a), which in turn can help killing infected cells through antibody
dependent cytotoxicity (ADCC) [21, 22]. In short, Thl is responsible for control of
intracellular pathogens mostly through shaping CD8+ T cell responses and Th2 is for control
of extracellular pathogens through antibody responses. In addition, antibodies can be
involved in both Thl and Th2 responses, but with unique subtypes, such as 1gG2 for Thi,

and 1gG1 for Th2 in cattle. This will be discussed further in section 2.

There are many similarities in the immune system across species. Therefore,
knowledge generated from the research in mice and humans has been extensively applicable
to study immune responses in cattle [23-26]. In the past several decades, however, unigue

features have been discovered in the bovine immune system that are not shared with that of



mice and humans, such as high prevalence of circulating yé T cells [27], production of IL-
10 by vo T cells [28], regulation of CD4+ T cell activation by neutrophils [29], which are
able to secrete 1L-10 , and high prevalence of hybrid helper T cells (i.e., co-express both

Th1 and Th2 cytokines), which is relatively low in humans and mice [25, 30, 31].

Cattle industry suffers billions of dollar’s losses annually due to infections, and many
of the commercially available vaccines for cattle are not fully effective [32-35].
Understanding the mechanisms underlying bovine CD4+ T cell differentiation, which seems
to be partially different from that of mice and humans, is critical to identify novel strategies
to achieve more effective immunity after vaccinations, such as through generating strong
Thl responses against intracellular pathogens and Th2 responses against extracellular
pathogens. In this chapter, we will summarize the current knowledge and key findings on
bovine CD4+ T cell responses, highlight the existing knowledge gaps, and provide some

insights on future directions.
1.3 CD4+ T cells regulate adaptive immunity:

Naive CD4+ T cells exit the thymus and search for pathogen-derived antigens presented by
APCs in secondary lymphoid tissues (e.g., lymph nodes and the spleen). During infections,
pathogens break through barriers (Physical, chemical etc) of the host to establish infection in
the local tissues [36]. As a result, the immune system in the host initiates an inflammatory
response through recruitment of immune cells such as neutrophils to the site of infection,
which secretes inflammatory cytokines and chemokines [37, 38]. These chemokines provide
signals for further recruitment of APCs to the site of infection. APCs constantly search for
invading pathogens through recognizing pathogen associated molecular patterns (PAMPS)

on pathogens by their pattern recognition receptors (PRRs)[39]. For example, Toll-like
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receptor-4 (TLR-4) on APCs can recognize the lipopolysaccharide (LPS) present on the cell
membranes of gram-negative bacteria [40]. After recognition, APCs engulf the pathogen,
break it down into small peptides, and finally present the peptides to CD4+ T cells in the
secondary lymphoid tissue. Recognition of this peptide-MHC-I1 complex by the TCRs on
the naive CD4+ T cells provides the 1% activation signal, as shown in Figure 1.1 [41]. At the
same time, co-stimulatory molecules on the CD4+ T cell surface (e.g., CD28) recognize their
corresponding ligands on the APC surface (e.g., CD80 or CD86), which provides the 2"
activation signal [42]. The final and 3" signal, which occurs simultaneously with antigen
stimulation and co-stimulation, is provided by cytokines such as Interleukin-12 (IL-12) or
Interleukin-4 (IL-4) that not only enhance the activation process, but also drive CD4+ T cell
differentiation into a specific subtype (e.g., Thl or Th2) [43]. Therefore, APCs can provide
all 3 signals to naive CD4+ T cells, which facilitates their activation and differentiation
(Figure 1.1). Pathogens can regulate host helper T cell response through targeting any of the
three signals directly or indirectly, which will be discussed in section 5. Recently, we have
reported that bovine CD4+ T cells respond to three signals in a way similar to that in humans
and mice [44]. Furthermore, IL-12 and neutrophils can work on bovine CD4+ T cells

synergistically to enhance their production of IFNy [44].
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Figure 1.1: Three-signal model for CD4+T cell activation. The 1%t signal is provided when TCRs recognize the
peptide-MHC-I1 complex presented by APC; the 2" signal is initiated when CD28 on CD4+ T cells interacts
with CD80/86 on APCs, and the 3 signal is triggered by cytokines released from the APCs and other cells.
CD28/CD80/CD86 interaction is used as an example. This figure was adapted from previous reviews [45-47],
and was animated in Bio Render software.

1.3.1 Th1 cells coordinate CD8+ T cell response to intracellular pathogens

During the infection, the host responds to the intracellular pathogens by inducing cytokines
such as IFNy and IL-12 from APCs like macrophages and dendritic cells (DCs), which
further leads to the polarization of CD4+ T cells into a Th1 subtype. IFNy and IL-12 enhance
the expression of transcription factor Thet, which directs Thl differentiation in the activated
naive CD4+ T cells (Figure 1.2A) [48, 49]. More specifically, when bound to their receptors
on naive CD4+ T cells, these cytokines induce the activation of transcription factor STAT-1
or STAT-4 respectively, which in turn causes Tbet upregulation [50]. Subsequently, Thet
induces histone modification and binds to the promoter region of Thl-specific cytokine
genes, which leads to enhanced expression of IFNy [48, 49]. In addition, Tbet also inhibits
Th2 differentiation by repressing the transcription of Th2 specific genes, such as GATAS,

which is the transcription factor responsible for IL4 expression [48, 51]. Thus, IFNy and IL-



12 induce Thl differentiation, which leads to IFNy production and suppression of Th2

differentiation.

One key functions of differentiated Th1l cells is to facilitate the activation of CD8+ T
cells by “conditioning” dendritic cells; a process that induces dendritic cell (DC) maturation
by modifying their cytoskeletal structure, upregulating co-stimulatory molecules, and by
enhancing their migration to secondary lymphoid tissues [52-54]. Once conditioned, these
DCs can induce CD8+ T cell activation as shown in Figure 1.2B. Although these two
processes, conditioning of DCs and activation of CD8+ T cells, might occur simultaneously,
some researchers argue that this process may occur in two sequential steps: conditioning DC
first, followed by CD8+ T cell activation [53, 55, 56]. Activated CD8+ T cell secretes
cytotoxicity-related proteins such as perforin and granzyme-B. While perforin forms pores
at the cell membrane, granzyme enters through these pores and cause apoptosis of the
infected cell [57]. Additionally, antigen-specific CD8+ T cells can kill infected cells through
caspase mediated pathway, when Fas molecules expressed on the infected cells interact with

Fas Ligand expressed on the antigen-specific CD8+ T cells [58].
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Figure 1.2: Th1 help to the activation of CD8+ T cell. A) IFNy and IL-12 bind to their corresponding receptors
on naive CD4+ T cells during activation, which leads to Thet expression and Th1 differentiation. This figure
was adapted from previous reviews [59-61]. B) Once differentiated, Th1 effector cell conditions dendritic cell,
which in turn activates CD8+ T cell. This figure was adapted from previous reviews [62-64], and was created
in Bio Render software.

IFNy is a critical cytokine performing multiple functions to assist Th1 response against
intracellular pathogens in mice, humans and cattle [65]. Although many types of immune
cells can produce IFNy including NK cells, DCs, macrophages and B cells, it is the

signature cytokine of Thl subtype [30]. Th1 produced IFNy plays a critical role in regulating



the Thl response. IFNy can recruit immune cells to the site of infection and promote anti-
microbial activities of neutrophils and macrophages by inducing oxidative burst and
production of reactive oxygen species (ROS) [65-68]. IFNy is directly involved in blocking
viral replication, as well as enhancing the cytotoxic activity of CD8+ T cells [69, 70].
Moreover, IFNy can enhance the number, mobility, and cytotoxicity of CD8+ T cells [70,
71].

During infection caused by intracellular pathogens, Th1 produced IFNy can induce IgG
subtype switching in activated B cells. However, this subtype switching may differ among
the species. For example, it induces production of IgG2a in mice and 1gG2 in cattle but 1IgG1
and 1gG3 in humans (Table 1.1) [21, 72, 73]. These IgG subtypes induced by IFNy can
facilitate multiple mechanisms such as ADCC to kill intracellular pathogens, such as

Coxiella burnetii, Listeria monocytogenes, and Toxoplasma gondii in mice [22, 74].

1.3.2 Differentiated Th2 cells coordinate humoral response against extracellular

pathogens

During infections caused by extracellular pathogens, innate immune cells such as basophils,
eosinophils, and innate lymphoid cells (ILCs) produce and secrete IL-4 [75, 76]. Together
with 1%tand 2" signals, IL-4 signaling on naive CD4+ T cell upregulates GATA3 (GATA
binding protein-3), a critical transcription factor for Th2 differentiation [77, 78]. GATA3
knockout mice mounted impaired Th2 responses [79, 80]. When IL-4 binds to its
corresponding receptor on the surface of naive CD4+ T cells, it activates STAT-6, which
turns on pathways leading to GATA3 expression (Figure 1.3A)[81, 82]. Consecutively,
GATAS3 promotes Th2 differentiation by inducing histone acetylation and enhancing

transcription of the IL4 gene [75, 83]. In addition, GATAZ is capable of suppressing Thl



differentiation by downregulating transcription and expression of molecules such as the IL-
12 receptor 2, IFNy , STAT-4, and possibly Thet [84].
Once differentiated, Th2 cells are capable of activating B cells to produce antibodies that
defend the host against extracellular pathogens [85, 86]. During B cell activation, Th2 cells
recognize peptide-MHC-II complexes expressed on B cells [87, 88] and provide co-
stimulation via CD40L, which are both necessary for B cell activation [89] (Figure 1.3B).
Importantly, IL-4 signaling induces isotype and subtype switching of B cells towards IgE
and IgG1 production, which are key antibodies for controlling extracellular pathogens in
mice and cattle [90].

Although antibodies can assist CD8+ T cell responses during intracellular infections,
they play a major role in controlling infections caused by extracellular pathogens [16, 91,
92]. Antibodies can prevent the attachment of extracellular bacteria to the host cell, facilitate
phagocytic killing, and neutralize toxins [16, 93-96]. In addition, different antibody isotypes
and subtypes can have different functions. For instance, IgE can bind to both low and high-
affinity receptors (FceRI and FceRII) on mast cells and basophils, which results in the
degranulation and release of chemicals (e.g., histamine, leukotrienes) that either kill parasites
directly, or induce hyper-contraction of intestinal smooth muscle to promote their expulsion
[97-100]. In addition to IL4, other cytokines such as IL-5, IL-9 and IL-13 are also involved
in the control of extracellular pathogens. For example, IL-9 promotes production of IgE
and proliferation as  well as maturation of mast cells, which rapidly infiltrate the site of
infection [101, 102]. Similarly, IL-5 induces differentiation, maturation, and infiltration of
eosinophils to the site of infection [102]. Infiltrated mast cells and eosinophils, when cross-

linked by antigen-specific IgE,
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Figure 1.3: Th2 help to the activation of B cell. A) IL4 binds to its receptor on naive CD4+ T cells during
activation, which induces GATAS activation and Th2 differentiation. This figure was adapted from previous
reviews [60, 103, 104]. B) Once differentiated, Th2 cells secrete L4 and provide antigen stimulation and co-
stimulation to a B cell. This figure was adapted from previous reviews [105, 106].

degranulate (i.e., release histamine and leukotrienes) to kill or expel gastrointestinal
parasites. IL-13 on the other hand, plays a significant role in the expulsion of parasites by
inducing regeneration of the intestinal epithelium and contraction of smooth muscle cells in
the intestine [86, 107]. Nevertheless, there are multiple cytokines involved in the

differentiation of Th2 responses, but IL-4 is considered the most critical one.
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1.4 Th1/Th2 cytokines induce Immunoglobulin class switching during infection

Antibodies produced by activated B cells during infections are classified into five different
classes (i.e., IgM, IgG, IgA, IgD and IgE) based on their structure [108]. Among them, IgG
is the most abundant in serum, and it has four different subtypes, namely: 19gG1, 1gG2, IgG3
and 1gG4 [108]. Each antibody has two structural segments (heavy and light chains) and two
functional segments (Fa» and Fc portions). While association of heavy chain with the light
chain at the Fa, portion forms antigen-binding sites, only the constant portion of the heavy
chain constitutes the Fc segment that regulates the effector function of the antibody. During
infection, activated B cells undergo isotype or subtype switching, a process that involves
switching of Fc segment but not of the Fa, segment. Briefly, DNA in B cells contains multiple
heavy chain constant genes (or CH genes) that encode various types of Fc segments [109].
During infections, Thl and Th2 cytokines provide signals to the activated B cells to select a
specific Cn gene for the heavy chain, thus producing a specific isotype or subtype of
immunoglobulins with the same antigen specificity [110]. For example, IFNy can induce
subtype switching to 1gG2a to enhance the killing of infected cells in mice; similarly, 1L-4
can induce switching to 1gG1l to promote humoral immunity (Table 1) [111-114].
Historically, characterizing serum 1gG subtypes was a common practice to define the
immune response in clinically ill cattle; the greater concentration of serum IgG2 typically
indicated a Th1 response, whereas greater IgG1 indicated a Th2 response. Interestingly, the
Thl induced 1gG subtypes may vary among the mice, humans and cattle species as shown in

Table 1.1.

Table 1.1: Thl- and Th2-associated 1gG subtypes in mice, humans, and cattle
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Species Thl immunity Th2 immunity References

Mice IgG2a IgG1 [72, 111-113]
Humans IgG1 and 1gG3 9G4 [73, 115-120]
Cattle 1gG2 IgG1 [21, 121, 122]

1.5 Cytokines and transcription factors mediate Th1/Th2 cross-regulation

In humans and mice, multiple lines of evidence support that Th1 differentiation inhibits Th2
differentiation, and vice versa [123, 124]. For example, in vitro experiments reveal that IFNy
inhibits Th2 differentiation whereas IL-4 suppresses Thl differentiation [125-127]. In
addition, studies using knockout mice and retroviral-transduced CD4+ T cells demonstrate
that Thet blocks Th2 differentiation by inhibiting the transcription of genes associated with
Th2 cytokine production [51, 128]. Similarly, GATAS3 prevents Thl differentiation by
suppressing the transcription of genes associated with Thl cytokines, and interfering with
Thl1-promoting transcription factors [129, 130]. Collectively, these findings confirm that Thl
and Th2 transcription factors and cytokines cross-regulate each other, ensuring that CD4+ T
cells differentiate into either Th1 or Th2 cells. In cattle, however, most of the differentiated
clones represent a “hybrid” that co-expresses both IFNy and IL4 in the same cell (explained
in detail in section 3) [25, 131]. While it is clear in mice and humans that Thet and GATA3
are the transcription factors that regulate expression of IFNy and IL-4 respectively, at this
moment, it is unclear if this is equally true for cattle. In addition, we do not know if the co-
production of both Thl and Th2 cytokines in the hybrid bovine clones corresponds to the co-
expression of both transcriptional factors. Therefore, further research is needed to understand

the underpinning regulatory mechanism of hybrid clone differentiation in cattle.
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1.6 Distinct Thl and Th2 are the most dominant antigen-specific clones in mice and

humans

In mice and humans, Mosmann et al. (1986) and Romagnani et al. (1992) stimulated single
CD4+ T cells in vitro and established antigen-specific CD4+ T cell clones, which they
classified mostly into Th1 and Th2 subtypes. Although, in both mice and humans, clear-cut
Thl or Th2 were the dominant clones, a small percentage of hybrid clones (named “Th0”
clones), that co-produced Th1 and Th2 cytokines (IFNy and IL4), were also observed [30,
31]. Subsequently, follow-up research verified the existence of these hybrid clones, which
were only a small fraction of the total clones (i.e., only 9.6 % clones were Th0) [127, 132-
138]. While initially the consensus in the murine and human immunology field was that Thl
and Th2 are the major effector cells that orchestrate immune responses against intracellular
and extracellular pathogens, respectively, and that ThO are short-lived “intermediate” cells

[134, 139, 140], more recently hybrid ThO (also termed as Thi+2) cells have been described

in vitro and in vivo [141-143].
1.7 ThoO is the most dominant antigen-specific clone in cattle

Just a few years after the discovery of the Th1/Th2 subtypes in humans and mice, Brown et
al. (1998) successfully investigated bovine Th1/Th2 response through the establishment and
analysis of antigen-specific CD4+ T cell clones. Peripheral blood mononuclear cells (PBMC)
were purified from cattle challenged by experimental pathogens: either intracellular
pathogens (Babesia bovis, Babesia bigemina) or extracellular pathogens (Fasciola hepatica)
[25]. These purified PBMCs (that contained pathogen-specific CD4+ T cells), were
stimulated with antigens derived from the same pathogen used for the challenge, to generate

pathogen-specific CD4+ T cell clones, which were then analyzed and classified based on the

14



detection of Th1/Th2 cytokine mRNA. The authors reported that, regardless of the type of
pathogen used in the challenge, most bovine clones were ThO that co-expressed transcripts
of [IFNy and IL4 (e.g., more than 60% Babesia species -specific and more than 90% Fasciola
hepatica-specific clones were ThO) [25]. These observations indicated that bovine Th1/Th2
responses might be at least partially different from the typical murine and human Th1/Th2
responses, as the frequency of bovine ThO clones was significantly higher than that of murine
and humans. Later, when researchers used the ThO clones specific to an antigen of Babesia
bigemina to stimulate B cells in vitro, both, Thl-related IgG2 and Th2-related IgG1 were
detected in the supernatant culture, suggesting that ThO is capable of performing functions

of both Th1 and Th2 cells [144].
1.8 Many critical bovine pathogens induce ThO responses

In cattle, mixed Th1/Th2 cytokines (both IFNy and IL4) have been detected in cultured
PBMC:s, or Draining Lymph Nodes (DLNSs), or local tissues in large number of diseases.
Most researchers commonly refer to this as the bovine ThO response, which may include
clones of all three types (Th1, Th2, and ThO) [131, 145-147]. It is important to note that while
ThO clones can produce both IFN y and IL4, Th1 and Th2 clones can only produce a single
cytokine, either IFN y or IL4 (Figure 1.4). Therefore, a mixed population of Th1, Th2, and
ThO cells possibly contributes to the induction of ThO responses in most of the bovine

diseases as explained in section 4.
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Figure 1.4: Helper T cell responses to infections in cattle. Pathogen infections in cattle may
induce three types of CD4+ T cell responses: Thl, Th2 and ThO. Thl responses are characterized by Thl
clones that produce IFNy, Th2 responses include Th2 clones that produce IL4, and ThO response could
induce mixed populations of clones: Thl, Th2 and ThO. ThO clones co-express both IFNy and IL4.

1.8.1 Advancement of technology facilitates the progress in bovine immunology

Technology is a critical factor that drives the advancement of science, and bovine
immunology is not an exception, particularly regarding bovine CD4+ T cell research. In the
late 80s, the study of bovine Th1/Th2 responses depended heavily on the measurement of
cytokines in the supernatant of cultured CD4+ T cells through simple biological assays such
as ELISA, or detection of 1gG subtypes in the serum of infected animals through ELISA or

immunoblotting techniques. In this context, upregulation of supernatant IFNy and serum

IgG2 would represent a Thl response, upregulation of 1L4 and detection of serum IgG1
would indicate a Th2 response [21, 121], and detection of both cytokines and both 1gG

subtypes (IgG1l and 1gG2) would represent a ThO response [148]. In the late 90s,
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advancements in molecular biology enabled scientists to measure cytokines at the
transcriptional level (MRNA).Thus, reverse transcription polymerase chain reaction (RT-
PCR) was commonly used to detect the presence of MRNA of Th1/Th2 cytokines in PBMCs,
DLNs, and tissues of infected cattle [149-151]. In the next decade, the advent of quantitative
PCR (gPCR) improved the detection of Th1l/Th2 transcripts from a qualitative to a
quantitative level [152]. Later, with the invention and use of flow cytometry, scientists were
able to measure protein production of Th1/Th2 cytokines on a population level [153]. More
recently, some very exciting technological advancements have been developed, such as
single-cell RNA sequencing, proteomics, metabolomics, confocal microscopy, which are
considered excellent tools for a deeper understanding of immune mechanisms [154-158].
Therefore, the advancement of bovine immunology research is closely associated with the
development of novel technology in science, especially in the context of understanding

Th1/Th2 responses in cattle.

1.8.2 Most intracellular pathogens induce either a Th1 or ThO response in cattle

During pathogen invasion, the host mounts a CD4+ T cell response that may or may not be
effective enough to clear the infection. In humans, ineffective CD4+ T cell responses are
associated with increased pathogenesis and progression towards chronic infections [159].
Cattle mostly launch either Thl or ThO responses against intracellular pathogens [160-163].
However, some bovine pathogens are able to establish chronic infections, which is possibly
associated with ineffective CD4+ T cell responses [131, 164].

As observed in mice and humans, bovine Th1l responses are considered to be protective
against diseases caused by intracellular pathogens such as Theileria annulata , and

Anaplasma marginale [160, 161]. Indeed, researchers in the late 80s found that transferring
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serum from an immune animal into animals infected with theileriosis was not effective at
controlling infection [165]. Several groups later discovered that CD8+ T cell responses but
not humoral responses were effective at controlling disease, since antigen-specific CD8+ T
cells from recovered animals demonstrated effective cytotoxicity to the autologous infected
cells in vitro [166-168]. Further research revealed that in vitro activation of T cells with
Theileria-infected macrophages predominantly induced IFNy expression [169]. Similar to
theileriosis, Thl responses were also protective against Anaplasma marginale [161, 170]. In
both infected and vaccinated animals, circulatory IFNy levels were higher relative to their
healthy counterparts [161, 170]. Similarly, 1gG2 was increased in cattle infected with
Anaplasma marginale [171]. Collectively, in both theileriosis and anaplasmosis, hosts seem
to induce effective Th1 responses.

Bovine pathogens such as Mycobacterium tuberculosis and Mycobacterium
paratuberculosis can shift a Thl-dominant response towards a ThO- or a Th2-dominant
response as the infection progressed [131, 164]. In bovine tuberculosis, high levels of
circulatory IFNy are detected at the early stage of disease that could inhibit Mycobacterial
growth, suggesting that the host most likely mounts an early Thl response [172-174].
However, in the chronic tuberculosis increased serum IgG1 (a Th2 associated antibody) is
detected in the serum [131]. In line with these observations, in mice and humans, IFNy
expression was upregulated during the early phases of tuberculosis, however, at the chronic
phase IL4 expression was enhanced [175-178]. Collectively, these results suggest that
Mycobacterium tuberculosis can shift an IFNy (Th1) dominant response towards an IL4 (ThO
or Th2) dominant response at the later stages of disease. Interestingly, the frequency of

antigen-specific ThO clones was higher in animals showing severe lung pathology than in
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animals having less severe lesions [131]. Therefore, the authors speculated that ThO clones
may play an important role in skewing the immune response from Thl (IFNy) response
towards ThO or Th2 (IL4) response during the progression of infection (Figure 1.4) [131].
As in Mycobacterium tuberculosis infections, the immune responses to Mycobacterium
paratuberculosis switches from Thl response to Th2 response while the disease progresses
from subclinical to clinical stage [164]. In Mycobacterium paratuberculosis infections, cattle
show high levels of IFNy in the supernatant of cultured PBMCs and high levels of IFNy
MRNA in the intestinal ileal tissues, suggesting an induction of Th1l response against this
pathogen [179, 180]. Importantly, cattle clinically infected with Mycobacterium
paratuberculosis had significantly lower expression of IFNy in ileal and caecal lymph nodes
compared to cattle at sub-clinical stage of infection [181]. This finding supports the notion
that the suppression of the Thl response at the sub-clinical stage of the disease might have
contributed to the progression of disease into the clinical stage. Furthermore, increased
antigen-specific 1gG1 was detected in animals infected with Mycobacterium
paratuberculosis at the clinical stage, suggesting a Th2 response [182, 183]. Together, these
findings suggest that the shift of an early-induced Th1-dominant response towards a ThO or
Th2-dominant response is associated with disease progression in both bovine tuberculosis
and bovine paratuberculosis.

During the early phases of Respiratory syncytial virus (RSV) infection in humans and
mice, the host launches a Th1/Th2 mixed response (i.e., both IFNy and 1L4), which then
shifts towards a Th2 response (i.e., increased circulatory I1L4) during chronic infection [184-
186]. Consistently, cattle infected with Bovine respiratory syncytial virus (BRSV) seem to

mount a ThO response, which turns into a Th2 response during chronic infection [149, 187].
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In the past, reports suggested that both IFNy and IL4 were detected in the peripheral blood,
lymph sample and pulmonary tissues of BRSV infected animals at the early stage, indicating
the induction of a ThO response [150, 187, 188]. Similarly, both 1gG1 and IgG2 were detected
in the serum, although they peaked at different times during infection [188]. Conversely, IgE
and 1gG1 levels increased as the infection progressed towards the chronic stage, suggesting
a gradual shift from a ThO towards a Th2 response [149, 187-189]. Collectively, these studies
indicate that these pathogens can switch the early-induced ThO response towards a Th2
response during chronic infection.

The efficacy of ThO responses in controlling infections caused by bovine intracellular
pathogens is unclear. While ThO responses seem ineffective against some bovine diseases
such as tuberculosis, they can be protective against bovine babesiosis and non-cytopathic

Bovine viral diarrhea virus (ncp- BVDV) infection [162, 163, 190]. In Babesiosis, both

CD8+ T cell responses and humoral responses appear critical to clear infection. For instance,
increased numbers of antigen-specific CD8+ T cells were detected in the peripheral blood of
vaccinated animals [162]. Similarly, transferring serum from an immune animal containing
both IgG1 and IgG2 can clear infection of sick animals [190]. In this regard, in vitro
experiments have demonstrated that the majority of Babesia-specific clones are ThO, which
are able to stimulate B cells to produce both 1gG1 and IgG2 [25, 144, 190]. Furthermore,
lgG1 and 1gG2 antibodies were found effective to prevent invasion of bovine erythrocytes
by Babesia bovis merozoite in vitro [191]. Collectively, these findings suggest that ThO
responses promote both the cytotoxic activity of CD8+ T cells, and neutralizing activities of

1gG subtypes [162].
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Cattle might launch different immune responses against different biotypes of the same
intracellular pathogen [151, 192, 193]. For instance, while ThO response was induced against
the non-cytopathic (ncp) biotype of Bovine viral diarrhea virus (BVDV), Thl response was
induced during infection caused by the cytopathic biotype (cp) [194]. In experiments with T
cells isolated from the ncp-BVDV infected cattle, IL4 protein in the supernatant of CD4+ T
cell culture and IFNy protein in CD8+ T cell culture were detected, suggesting possible
induction of ThO response [163]. More recently, Palomares et. al., (2014) analyzed cytokine
expression in tracheo-bronchial lymph nodes and found that both IFNy and 1L4 were detected
in ncp-BVDV-infected cattle, but IL-12 mRNA was only detected in cp-BVDV-infected
cattle [151]. Additionally, while only IgG2 was detected in the serum of cp-BVDV-infected
cattle, both IgG1 and 1gG2 were detected in ncp-BVDV infected cattle after day 35 of
infection [193]. These results collectively reveal that ncp-BVDV induces a ThO response
whereas cp-BVDV induces a Thl response in infected cattle.

Thus, available literature supports the notion that cattle launch either Thl or ThO
responses against most infectious diseases caused by intracellular pathogens (Table 2).
Moreover, although further research is required to confirm these findings, the shift from an
early Thl or ThO response towards a Th2 response is associated with progression of disease

towards chronic condition.

Table 1.2: Characterization of helper T cell responses in diseases induced by bovine intracellular

pathogens
Disease Detected cytokines Serum antibodies References
Theileriosis IFNy (RT-PCR) - [160, 169]
Anaplasmosis IFNy (ELISA) gG2 /lgGl1 + [161, 195]
Babesiosis IFNy + IL4 (RT-PCR) - [25, 144, 162]
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Respiratory syndrome IFNy+L4(flow IgE [187, 188]

Bovine viral IFN v/ IFNy + 1L4 1gG2/ 1gG1 + 1gG2  [151, 192, 193]
Tuberculosis IFNy to IL4 shift (PCR) 1gG2 to IgG1 shift [196]
Paratuberculosis IFNY to IL4 shift 1gG2 to IgG1 shift [164, 197, 198]

Table 1.2: Characterization of helper CD4+ T cell responses in diseases induced by bovine intracellular
pathogens Th1/Th2 cytokines detected in the PBMCs and DLN tissues. While cytokines were measured
either through ELISA or through PCR techniques and antigen-specific 1gG1 and IgG2 antibodies
were quantified from serum samples using ELISA.

1.8.3 Most extracellular pathogens induce either a Th2 or ThO response in cattle

In mice and humans, Th2 responses are typically effective in controlling extracellular
pathogens. In this regard, Th2 cytokines can induce processes such as 1gG subtype switching
and migration of mast and eosinophils to the site of infection that are critical for defending
the host against extracellular bacteria and parasites [86]. In cattle, most of extracellular
parasites induce either Th2 or ThO responses [199-201]. However, some pathogens are
capable of suppressing Th2 response , which is associated with the establishment of chronic

infections [202].

Generally, Th2 responses are effective in controlling gastrointestinal nematodes such
as Cooperia oncophora [203, 204]. Infected animals had increased level of antigen-specific
IgG1 (Th2 associated antibody) in the serum [205]. Consistently, a high titer of pathogen
specific 1gG1 was associated with a better immune response [206]. Similarly, increased
numbers of peripheral eosinophils (a Th2 response feature) was associated with increased
expulsion of cooperial larvae [206]. Importantly, cytokine analysis of the intestinal tissue of
disease resistant cattle demonstrated high expression level of I1L4 and I1L13 mRNA compared

to those susceptible animals [207, 208]. These results offer compelling evidence that Th2
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response is critical to control infection caused by some extracellular pathogens such as
Cooperia oncophora.

Interestingly, some extracellular parasites such as Dictyocaulus viviparus (lung worm)
are capable of shifting the initial Th2 or ThO response into an ineffective Thl response to
establish chronic infections [209, 210]. At the early stage, both IL4 and IFNy were detected
in the lungs and DLNs after day 15 of lung worm infection, indicating an initial ThO response
[211]. However, subsequent research only detected increased IL4 mRNA for a short period
of time in the Broncho-alveolar lavage fluid (BALF) of infected cattle, suggesting a possible
Th2 response [212]. In line with this finding, high level of total IgE (antigen-specific plus
non-specific) in the serum and BALF was associated with the clearance of lungworm [209].
Furthermore, in the chronically infected animals the detection of Thl associated antibody
(i.e., 1gG2) in the serum, was associated with increased lungworm larval excretion [210].
These data indicate that bovine lungworm might shift the early-induced ThO or Th2 response
towards a Th1 dominant response to establish chronic infection.

In cattle Fasciola hepatica (liver fluke) can modulate the early-induced Th1l or ThO
response into an ineffective Th2 response at the later phases of the disease [213, 214]. Of
note, although an initial Thl response was observed in the peripheral blood, a ThO response
was also observed inside the hepatic lymph node, as indicated by the detection of both IFNy
and 1L4 [215-218]. Collectively, these experiments suggest that cattle might launch either a
Thl or a ThO response at the early stages of liver fluke infection. However, at later stages,
the response is shifted to a Th2 response as indicated by the significantly increased
expression of IL4 mRNA (x6) and significantly reduced expression of IFNy mRNA (x6) in

the hepatic tissue of infected animals, which is consistent with several other reports [146,
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219, 220]. In line with these observations, peripheral blood lymphocytes obtained from
chronically infected animals failed to induce IFNy secretion when co-cultured with adult
fluke antigen in vitro [215]. Importantly, chronically infected cattle typically show high
levels of antigen-specific IgG1 (Th2 antibody) in the serum [146]. Altogether, these findings
suggest that Fasciola hepatica might switch a Thl or a ThO dominant response to a Th2
dominant response at the chronic stage of disease.

Ostertagia ostertagi (OO), an economically important abomasal nematode, typically
induces ThO response [221]. Bovine OO usually causes chronic infection and requires long-
term repetitive exposure (at least 2 years) to develop effective immunity [222]. Both
pathogen-specific 1gG subtypes (IgG1 and 1gG2) were detected in OO-infected cattle, with
higher serum IgGL1 titer than IgG2 [223]. Similarly, mRNAs of both IL4 and IFNy were
upregulated in the abomasal lymph nodes of experimentally infected cattle from day 11 to
day 28 after infection, suggesting the induction of a Th0 [221]. In contrast to this observation,
subsequent research demonstrated induction of Th2 response in the abomasal lymph nodes
of OO infected cattle [224]. The differences observed between these two experiments might
be explained, at least in part, by the differences in time points for cytokine detection and in
the number of L3 larvae used for experimental infection. More specifically, while Canals et
al (1997) measured cytokine expression from day 11 to day 28 post infection and used
200,000 L3 larvae for experimental infection, Claerebout (2005) measured cytokine
expression after 8 weeks post primary infection and only used 25,000 L3 larvae [221, 225].
Recently, Mihi et al (2013) experimentally infected cattle with 200,000 L3 larvae and tested
the gene expression of Th1/Th2 cytokines at different time points; interestingly, the authors

observed a positive association between upregulation of both IFNy and IL4 (in mucosa) with
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migration of adult (L5) worms out of gastric gland toward abomasal mucosa [152]. These
observations suggest that Ostertagia ostertagi may modulate the bovine immune response
by inducing a ThO response, which is ineffective in controlling OO and leads to the
establishment of chronic infections.

Immune response against extracellular pathogens may vary at the systemic and local
levels, such as in bovine trichomoniasis, where ThO response is induced in the serum, and
Th2 response in the mucosal secretion [226, 227]. More specifically, Trichomonas foetus
upregulates both IgG1 and IgG2 in the serum but only IgG1 in local secretions from cervix,
vagina, and uterus [226, 227]. Furthermore, animals immunized with specific antigen of
Trichomonas foetus showed resistance to the experimental challenge, which was associated
with the upregulation of both antigen-specific 1gG1 and 1gG2 in the serum [228, 229].
Trichomonas foetus seems to induce a ThO response in the circulation, but a Th2 response in
the mucosa. In addition, the systemic ThO response may be protective against Trichomonas
foetus re-challange.

Generally, Th2 response is effective in controlling extracellular bacteria [230]. For
instance, Th2 response controls Clostridium difficile infection in humans and Streptococcus
suis infection in pigs [230, 231]. In cattle, only few reports are available on CD4+ T cell
response to extracellular bacteria such as E. coli. At this moment, the common understanding
is both CD8+ T cell and antibodies seem to be critical to generate protective immunity

(consistent with humans) in In E. coli 0157:H7 infection [199, 200, 232].

Collectively, the results obtained from multiple experiments indicates that extracellular

pathogens typically trigger Th2 or ThO responses in cattle as shown in Table (3), and some
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extracellular pathogens modulate initial Th2 or ThO responses to ineffective Thl

responses that are associated with the development of chronic infection.

Table 1.3: Characterization of helper T cell responses in diseases caused by bovine extracellular

pathogens.
Disease Detected cytokines Serum antibodies References
Cooperiosis IL4 (g-PCR) 1gG1 [207, 208, 233]
Lung worm infection IL4 /IL4+ IFNy 1gG1, /1gG1+IgG2 [234, 235]
Trichomoniasis - 1gG1 + 1gG2 [228, 236, 237]
Fasciolosis IL4 IgG1 [217, 238, 239]
Ostertagiasis IL4 + IFNy IgG1 + IgG2 [152, 221, 224]

Table 1.3: Characterization of helper CD4+ T cell responses in diseases induced by bovine extracellular
pathogens; Th1/Th2 cytokines were detected in the PBMCs and DLN tissues. While cytokines were
measured either through ELISA or through PCR techniques, antigen-specific 1gG1l and 1gG2
antibodies were quantified from serum samples using ELISA.

1.9 Pathogens regulate the availability and the strength of three critical signals to

suppress effective CD4+ T cell responses

Whenever a pathogen invades and starts multiplying, the host mounts a coordinated attack
in order to clear the infection. To counteract the host attacks, some pathogens can interfere
with helper T cell responses to establish chronic infections. This can be achieved through
unique strategies that impair the availability or strength of the signals required for the
activation and differentiation of CD4+ T cells (Figure 1.1). For example, pathogens such as
Salmonella, and Mycobacterium tuberculosis can downregulate MHC-II expression in APC,
which diminishes the strength of the 1% signal (antigen stimulation) [240, 241]. In addition,
pathogens can reduce the expression of co-stimulatory molecules (2™ signal) and change the
type of APCs (e.g. dendritic cell vs macrophage), which can collectively impair all of the

three signals required for the activation and differentiation of T cells (Figure 1.1) [242, 243].
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Bovine pathogens escape from effective CD4+ T cell responses in a very similar way
to those of mice and humans. They can regulate the availability, type, and strength of three
signals. Some pathogens such as Bovine herpes virus type-1 (BHV-1), Bovine papilloma
virus (BPV), and Mycobacterium paratuberculosis can undermine the strength of antigen
stimulation (1% signal) by downregulating MHC-I expression, which is actively involved in
antigen presentation to CD8+ T cells [244-246]. Similarly, some pathogens can disrupt the
host T cell response through inhibiting the co-stimulatory signals [217, 247, 248]. Co-
stimulatory molecules expressed on the surface of CD4+ T cells (as shown in Figure 1.1)
are of two types: one provides activating signals, and the other provides inhibiting signals
[249]. Pathogens such as, Bovine leukemia virus, Anaplasma marginale, and Fasciola
hepatica can upregulate the expression of inhibitory molecules like program cell death
protein-1 (PD-1), which severely impairs the T cell response when these inhibitory molecules
bind to their ligands on the surface of APCs [217, 247, 248]. Additionally, pathogens such as
Ostertagia ostertagi and Myctobacterium paratuberculosis can induce immune-regulatory
cytokines that can inhibit the activation, differentiation, and expansion of effector CD4+ T
cell subtypes [29, 250, 251]. More specifically, Ostertagia ostertagi may stimulate
neutrophils to produce IL-10, which can suppress bovine CD4+ T cell activation [29].
Furthermore, pathogens like Fasciola hepatica can reduce the number of APCs by apoptosis,
which curtails the availability of all activating signals [217]. Moreover, pathogens such as
Anaplasma marginale, Bovine herpes virus -1 and Bovine viral diarrhea virus can directly
cause apoptosis of antigen-specific CD4+ T cell and starkly compromise the ability of the
host to co-ordinate effective CD8+ T and antibody responses [248, 252-254]. In short, bovine

pathogens regulate the CD4+ T cell responses by reducing the availability and strength of
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the three activating signals by changing the type and number of APCs, or by interfering with

co-stimulation and cytokine production.

1.10 Pathogens regulate the CD4+ T cell differentiation process to establish chronic

infections in cattle

In addition to regulating activation signals, during the course of infection, pathogens can also
regulate CD4+ T cell differentiation to evade the effective immune response mounted by the
host. As already explained, intracellular pathogens can shift effective Thl response to an
ineffective Th2 response; similarly, extracellular pathogens can shift an effective Th2
response to an ineffective Thl response, in order to promote the chronic infection in the host.
For example, S. japonicum in mice can shift a Th2 response to an ineffective Thl response
by triggering apoptosis of Th2 cells via granzyme B signal pathway [255]. Similarly, some
authors suggested that in chronic diseases such as bovine tuberculosis, immune complexes
circulating in the blood might interfere specifically with Thl response thus leading to a
relatively increased Th2 response [256]. In cattle, intracellular pathogens including
Mycobacterium tuberculosis, Mycobacterium paratuberculosis and Bovine respiratory
syncytial virus (BRSV) shift the immune responses from a Thl or a ThO to an ineffective
Th2 response, to establish chronic infections [131, 164]. In the same manner, extracellular
pathogens such as Dictyocaulus viviparus modulate the immune response from a ThO or a
Th2 response to an ineffective Thl response and establish the chronic infection [209, 210].
In summary, a fraction of bovine pathogens can skew the CD4+ T cell polarization to an
ineffective subtype that cannot control their infection, which leads to the establishment of

chronic infections.
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1.11 Conclusion and future directions

After receiving three stimulation signals from APCs, naive CD4+ T cells differentiate into
effector subtypes such as Thl, Th2, and ThO cells. While clear-cut Thl and Th2 are the
common subtypes detected in mice and humans, hybrid ThO is common in cattle infected by
both intracellular and extracellular pathogens. In fact, ThO responses induced in many bovine
diseases might consist of a mixed population of Th1, Th2, and ThO subtypes. Thus, despite
similarities in general, bovine CD4+ T cell responses seem to be partially different from the
Th1/Th2 responses classically defined in mice and humans. Therefore, understanding the
mechanisms of bovine CD4+ T cell differentiation and its regulation by pathogens may
facilitate the development of more effective vaccines and designing immune intervention

strategies against important chronic bovine infectious diseases.
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Chapter:2 Differential expression of CD45R0O and CD45RA in bovine T cells

Anmol Kandel, Lei Lit, Akanksha Hada', and Zhengguo Xiao®*
2.1 Abstract:

Effective vaccination induces immune memory to protect animals upon pathogen re-
encounter. Despite contradictory reports, bovine memory T cells are identified based on two
isoforms of CD45, expression of CD45R0O plus exclusion of CD45RA. In this report, we
contrasted CD45RA/RO expression on circulatory T cells with IFNy and IL4 expression
induced by a conventional method. To our surprise, 20 % of cattle from an enclosed herd did
not express CD45R0 on T cells without any significant difference on CD45RA expression
and IFNy or IL4 induction. In CD45RO expressing cattle, CD45RA and CD45RO
expressions excluded each other, with dominant CD45R0O (>90%) expression on gamma
delta (yd) followed by CD4+ (60%) but significantly higher CD45RA expression on CD8+
T cells (about 80%). Importantly, more than 80% of CD45RO expressing CD4 + and CD8 +
T cells failed to produce IFNy and IL4, however, within the cytokine inducing cells, CD4+
T cells highly expressed CD45R0O but those within CD8+ T cells mostly expressed CD45RA.
Hence, CD45RO0 is not ubiquitously expressed in cattle, and rather than with memory

phenotype, CD45RA/RO expression are more associated with distinct T cell subtypes.
2.2 Introduction

Memory T cells mount rapid and robust immune responses and are the hallmark of effective
vaccination. The quality and quantity of induced immune memory are therefore critical for
evaluating the efficacy of vaccines. Conventionally, memory T cells were detected as cells
producing cytokines such as IFNy and IL4 after brief stimulation in vitro [257-

259]. However, more recently, memory T cells are often identified based on the inclusion of
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CD45R0 and exclusion of CD45RA on T cells, which is a relatively easy and practical
approach for downstream treatments [259-261]. In humans and bovine T cells, CD45RA and
CD45R0 expressions were found mutually exclusive, and while naive cells are defined as
CD45RA positive (CD45RA+) and CD45R0O negative (CD45R0O-), memory T cells are
CD45RO0 positive (CD45R0O+) and CD45RA negative (CD45RA-) [262-264]. The small
population of double positive (DP) cells that co-express CD45RA and CD45RO (i.e.,
CD45RA+/CD45R0O+) were believed to reflect the transition stage from naive to memory
induced by pathogen infection or vaccination [265-267]. Despite of some controversial
reports, the conventional memory markers, CD45R0 and CD45RA, are used extensively to

detect memory T cells in humans and cattle [261, 268-281].

CD45 is a tyrosine phosphatase membrane protein expressed abundantly on the surface
of a wide range of immune cells, including T lymphocytes [282, 283]. In humans, CD45 is
expressed in a combination of multiple isoforms generated through alternative splicing of the
CD45 pre-mRNA at exons 4, 5, and 6 [282, 284, 285]. Inclusion and exclusion of these three
exons differentially generate CD45 isoforms, such as the high molecular weight CD45RA
and the low molecular weight CD45RO [286, 287]. Specifically, the shortest CD45R0O
transcript is generated through the exclusion of exons (4, 5 and 6) while still retaining 3 and
7, which are shared by all the other isoforms [286, 287]. Therefore, selective detection of
CD45RO0 transcript by quantitative PCR (qPCR) is not practical. Instead, due to the highly
conserved nature of CD45 protein across the mammalian species [284, 288], bovine
CD45R0 expression is commonly examined at the protein level using a monoclonal antibody

(clone # ILA116) in flow cytometry [261, 264, 280, 289-296]. Bembridge et al (1995) in

their seminal research first used this monoclonal antibody (clone # ILA116) to precipitate
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bovine CD45R0O, which had a molecular weight very close to that of humans (180 kDa) and
suggested that this isoform could be associated with memory [264]. Subsequently, Sopp et
al (2005) reported that CD45RO+ CD4+ T cells were the dominant producer of IFNy and
IL4 [279]. These reports, along with several others supported that CD45RO expression is

associated with memory phenotype in cattle [264, 279, 280, 297].

In the past few decades, a considerable number of reports in humans and cattle
challenged the classical CD45RA/RO paradigm that defines the memory phenotype as
CD45R0O+ and CD45RA- cells. Specifically, a large number of reports in humans revealed
the existence of terminally differentiated CD45RA+ memory T cells both in vitro and in vivo,
indicating that memory T cells could be found within both CD45R0O+ and CD45RA+

subpopulations [269, 272, 274, 275, 277, 278]. Interestingly, some data in bovine research

also contrasted this classical paradigm. For instance, Hagberg et al. (2008) suggested that
CD45RO+ CD4+ and CD8+ T cells isolated from immune cattle failed to proliferate in
response to the homogenate derived from the Dictyocaulus viviparous parasite [298, 299].
Further, memory CD8+ T cells were detected in both CD45R0O+ and CD45RA+ fractions,
suggesting that CD45R0O is not necessarily a memory marker for bovine CD8+ T cells [264,

265, 294, 300, 301]. In addition, Guerra Maupome et al (2019) suggested that CD45R0O is

not an appropriate marker to detect bovine memory v T cells [302]. These contradictory
reports warranted re-assessment of the classical paradigm in cattle to verify if CD45RA/RO

isoforms are genuinely associated with memory phenotype in bovine T cells.

This project aimed to contrast the CD45RA/RO expression on circulatory T cells with

memory T cell subtypes from the same cattle. Our data suggested that the classical
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CD45RA/RO paradigm may not be accurate in cattle. First, about 20% of cattle (six out of
28) did not express CD45R0O. Furthermore, in those expressing CD45R0, the expression of
this isoform was not correlated with IFNy and IL4 induction. Instead, CD45RO and CD45RA
clustered differentially in bovine T cell subtypes, suggesting that their expression is more

associated with T cell subtypes than with memory phenotype.
2.3 Materials and Methods
2.3.1 Cattle

A total of 28 healthy cattle (Wye Angus), including 20 grass-fed and eight grain-fed, aged
from one year to 24 months, were used. The closed herd was housed at the Wye Research
and Education Center, University of Maryland Experimental Station (Queenstown, MD,
USA) [29, 303-305]. All calves were weaned at six months of age, then randomly assigned
to either grain-fed or grass-fed groups. The grain-fed group was kept on a feedlot with a
mixture diet [304], and the grass-fed group was maintained on the pasture as reported
previously [306]. All the animals were examined monthly to ensure health. Animal Care and
Use Protocols were approved by UMD (R-FEB-18-06 and R-JAN-21-02), Institutional

Animal Care and Use Committee (IACUC), with the relevant guidelines and regulations.
2.3.2 Peripheral blood mononuclear cells (PBMCs) isolation and stimulation

This procedure was similarly performed as in our previous reports [29, 305]. Briefly, fresh
blood was collected from the jugular vein using EDTA coated vacutainers (Becton Dickinson
Vacutainer Systems, Franklin Lakes, NJ, USA) and transferred to 15 ml conical tubes (Fisher
Scientific, Pittsburgh, PA, USA), which were centrifuged for 30 min at 1200 x g. Following

centrifugation, the buffy coat at the interface was gently collected into a new 15ml tube and
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re-suspended with 1x phosphate-buffered saline (PBS) (Fisher Scientific, Fair Lawn, NJ,
USA) to 8 ml. Then it was overlaid with a 5 ml lymphocyte separation medium (LSM) with
the density of 1.077g/ml (Corning, Manassas, VA, USA), followed by centrifugation for 30
min at 900 x g with break off. The second buffy coat at the interface was collected and
washed twice with PBS. After the last wash, the cell pellet was re-suspended in 5 ml Allos
medium (RPMI1640 [Corning, Manassas, VA, USA] plus 10% FBS), and a small aliquot
was used for cell counting.

Following the purification, one million cells per sample were aliquoted and re-suspended
in 1 ml Allos medium supplied with Brefeldin A (BFA) (BioLegend, San Diego, CA USA)
or cell activation cocktail (CT) (R&D Systems, Minneapolis, MN, USA) that contains
monensin sodium salt (1.5 mM), Phorbol 12-myristate 13-acetate (0.0405 mM) and
lonomycin calcium salt (0.67 mM). The cell suspensions were incubated at 37°C with 5%

CO; for 4 hours before intracellular staining.
2.3.3 Antibodies and reagents

All the antibodies used in this study are listed in the following tables: primary antibodies and
secondary antibodies plus isotypes. Staining buffer (SB) is PBS with 2%FBS, and fix
solution is 4% paraformaldehyde (W/V) in PBS with pH 7.4. Intracellular staining
permeabilization wash buffer (P/W) (BioLegend, San Diego, CA USA) was purchased and
used following the manufacturer instructions.

Primary antibodies

Specificity Clone Isotype Source
bCD3 MM1A lgG1 WSUMAC
bCD4 CCs lgG2a Bio-Rad
bCD25 LCTB2A 1gG3 WSUMAC
bTCRd GB21A 1gG2b WSUMAC
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bTCRS CACT61A IgM WSUMAC
bCD45RA GC6A IgM WSUMAC
bCD45R0O ILA116 1gG3 WSUMAC
bCD62L BAQ92A lgG1 WSUMAC
bIFNy CC302 lgG1 Bio-Rad
bIL4 CC303 lgG2a Bio-Rad
WSUMAC, Washington State University Monoclonal Antibody Center.
Bio-Rad, Bio-Rad Laboratories, Inc.
Specificity Clone Conjugated Source
bCD4 CCs PE Bio-Rad
bCD8 CC63 FITC Bio-Rad
bCD8 CC58 PE Bio-Rad
bCD25 IL-A111 PE Bio-Rad
bCD25 IL-A111 FITC Bio-Rad
bCD62L CC32 FITC Bio-Rad
bIFNy CC302 PE Bio-Rad
Secondary antibodies and isotype controls
Specificity Secondary antibodies Source
lgG1l Anti-mouse 1gG1-APC BioLegend
lgG1l Anti-mouse 1gG1-Biotin BioLegend
lgG2a Anti-mouse 1gG2a-APC BioLegend
IgG2b Anti-mouse 1gG2b-PE BioLegend
IgG2b Anti-mouse 1gG2b-Biotin BioLegend
IgG2b Anti-mouse 1gG2b-FITC BioLegend
1gG3 Anti-mouse 1gG3-Biotin BiolLegend
IgM Anti-mouse IgM-BV421 BiolLegend
Biotin Streptavidin Per-CP BiolLegend
Isotype controls Source
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Mouse IgG1 BioLegend

Mouse IgG2a BioLegend
Mouse IgG2b BioLegend
Mouse IgG3 BioLegend
Mouse IgM BioLegend
Mouse IgG1-FITC BioLegend
Mouse IgG1-PE BioLegend
Mouse IgG2a-FITC BioLegend
Mouse IgG2a-PE BioLegend

2.3.4 Flow Cytometry analysis

For surface staining, cells were stained with primary antibodies, followed by secondary
antibodies, or fluorescence conjugated antibodies at 4°C for 25 minutes, then washed with
SB to remove the unbounded antibodies. Cells were further incubated with fix solution (1:1
dilution) for 15 minutes and washed with SB. Finally, cells were re-suspended in SB before
being analyzed in a flow cytometer. For intracellular staining, the cells were stimulated for
4 hours as described in 2.2, and then fixed with 2% paraformaldehyde for 15 minutes.
Following two washes, cells were incubated with permeabilization wash buffer (P/W)
(BioLegend, San Diego, CA, USA) for additional 15 minutes at 4°C. Similar to the surface
staining, cells were incubated with antibodies at 4°C for 25 minutes. Finally, cells were re-
suspended in SB for reading. Staining of isotype and unstained controls was performed using
the same method described above. Cells were examined by using FACSCalibur™ flow
cytometer. The Flow cytometer data were analyzed with the FlowJo version 10 (Tree Star,

Ashland, OR, USA).

2.3.5 Statistical analysis

36



Statistical analyses were performed using Prism 9 (GraphPad Software, Inc., La Jolla, CA,
USA), and details are described in the figure legends. Overall, all data passed the Anderson—
Darling normality test and were analyzed by one-way ANOVA with Tukey’s Multiple
Comparisons Test. Asterisks indicate statistical significance. * p <0.05; ** p <0.01; *** p <

0.001. NS indicates not significant.
2.4 Results

2.4.1 Bovine lymphocytes do not always express CD45RO
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Figure 2.1: CD45R0 is not expressed by lymphocytes in some cattle. Lymphocytes were gated in PBMCs
and examined for expression of CD45R0O and CD45RA. (A) Gating strategy for lymphocytes; (B)
Comparison of CD45R0 and CD45RA expression in lymphocytes. Data were pooled together from two
experiments, and expressed as mean of 12 CD45RO positive (RO+) cattle samples, or four CD45R0O
negative (RO null) cattle with standard deviation (SD). Data in BLUE will indicate samples from RO
null cattle in the rest of figures. Q1: lymphocytes only expressing high level of CD45R0O, but not
CD45RA, designated as RO+; Q2: lymphocytes both CD45R0O and CD45RA, designated as double
positive (DP). Q3: lymphocytes only expressing high level of CD45RA, but not CD45R0, designated as
RA+. Background in isotype control was subtracted from all the data in B. Data were analyzed by one-
way ANOVA with Tukey’s Multiple Comparisons Test. Asterisks indicate statistical significance.
*P <0.05; **P <0.01; ***P <0.001. NS: not significant. The same analysis will be performed in the rest
of figures unless mentioned otherwise.

Detection of an established memory T cell population is the gold standard for evaluating

effectiveness of the vaccines [292, 307, 308]. In both humans and cattle, memory cells are
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identified using CD45R0 as a marker [279, 309-312]. We examined CD45R0O and CD45RA
expressions in bovine PBMCs. Almost all of the lymphocytes expressed high levels of either
CD45RO(RO+) or CD45RA(RA+), and a small population expressed both at intermediate
levels, which are referred to as double positive (DP) cells throughout this manuscript (Fig.
2.1A-B). To our surprise, four out of sixteen cattle did not express CD45R0O (designated as
RO null) but their CD45RA expression level was similar to those in CD45R0O expressing
cattle, labeled as CD45RO positive (RO+) (Fig. 2.1A-B). It seems lack of CD45R0O isoform
does not necessarily affect CD45RA expression. Among the examined cattle, while half of
the cattle were raised on pasture (grass-fed), the other half were raised in feedlot (grain-fed)
[29, 304]. Due to more exposure of grass-fed cattle to the environmental pathogens present
in the pasture such as Ostertagia Ostertagi (OO) [304], the frequency of the memory cells in
these animals could be more than in grain-fed counterparts, despite under the same
vaccination procedure [304, 313]. The data were further analyzed by comparing the grass-
fed cattle with the grain-fed but no significant difference was observed (Appendix Figure

A.1B).

2.4.2 CD45R0 and CD45RA are expressed differentially in T cell subtypes

There are three major T cell subtypes in cattle, CD4+, CD8+ and gamma delta (yd) T cells,
all of which could differentiate into memory cells, with CD45R0O as the marker [264, 279,
314]. Consistent with previous literature, CD4+ and yd were the biggest T cell populations
in PBMCs, while the CD8+ population was significantly lower than that of CD4+ T cells
(Fig.2B) [279, 315]. Interestingly, CD45RO and CD45RA expression clustered differently

in each T cell subtype with yo T cells (90%) dominantly expressing CD45RO, followed by
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Figure 2.2: CD45R0 and CD45RA are expressed differentially in T cell subtypes. Lymphocytes were
gated in PBMCs, and examined for the expression of CD45R0O and CD45RA in different T cell
subtypes. (A) Gating strategy for T cell subtypes and expression of CD45RO and CD45RA,; (B)
Comparison of frequency of T cell subtypes in PBMCs. (C) Comparison of CD45R0 and CD45RA
expressions in CD4+, CD8+ and yd T cells. The same samples were examined as in figure 1. Blue
dotted box: comparison of CD45RA+% among different T cells subtypes; Red dotted box:
comparison of CD45R0+% among different T cells subtypes. Q5: T cell subpopulation not expressing
CD45RA or RO. Q6: T cell subpopulation expressing CD45RA or RO. Percentage of CD45RA+ or
CD45RO+in T cell subtype was expressed as Q6/(Q5+Q6), with background subtracted using isotype
control.




CD4+ (around 60%), and CD8+ (around 40%) as shown in Fig. 2.2C. The pattern of
CD45RA expression, as expected [264, 302], was opposite to CD45RO, lowest in y8 T cells
but highest in CD8+ T cells (Fig. 2.2C). It seems that the expression of CD45RA and
CD45RO0 is associated with specific T cell subtypes. With the reason unknown, CD45R0O
expression was higher in CD4+ from the grass-fed cattle than those from the grain-fed

(Appendix Figure. A.2B).

2.4.3 Differential activation status in CD45R0O+ and CD45RA+ fractions of CD4+,

but not of CD8+ T cells

CD25, the a subunit of I1L-2 receptor, has been a reliable marker for identifying activated T
cells in humans and cattle [29, 44, 316, 317], which is also expressed by regulatory CD4+ T
cells in cattle [304]. In the PBMCs from healthy cattle, only a small fraction of CD4+ T cells
expressed CD25, thus potentially activated (Fig. 2.3A-B). Majority of the cells in the CD25+
CD4+ T cell subpopulation were expressing CD45R0O (RO+), with a smaller fraction
expressing CD45RA (RA+) (Fig. 3B). The frequency of RA+ cells in CD25+ CD4+ T cells
was similar between (RO+) and RO null cattle (Fig. 2.3B). In contrast, the frequency of
CD25+ cells were significantly lower in CD8+ than in CD4+ T cells (p<0.0001) (Fig. 2 B-
C and data not shown). CD62L, an adhesion molecule related to trafficking into the
lymphoid tissues [318], was expressed at a higher level in CD45RA+ than in the CD45RO+
subpopulation from both CD4+ and CD8+ T cells (Fig. 2.3 D-E). The expression of CD62L

was not affected by the lack of CD45RO0 expression in the RO null cattle (Fig. 2.3E).
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Figure 2.3: Activation status varies in CD45R0O+ and CD45RA+ of CD4+ (B), but not of CD8+ T cells
(C). CD45RO+ cells are designated as RO+ and CD45RA+ are labeled as RA+ in the figure (B and C).
Lymphocytes were gated on CD4+ or CD8+ T cells in PBMCs, and examined for the expression of
CD25 and CD62L in either CD45R0O+ or CD45RA+ subpopulations. (A and D) Gating strategies for
CD25 (A) or CD62L (D) and expression of CD45RO and CD45RA based on gated CD4+ or CD8+ T
cells. (B-C) Comparison of CD25+% in RO+ and RA+ subpopulations in CD4+ (B) and CD8+ (C) T
cells. The same samples were analyzed as in figure 1. Percentage of CD25+ expression in RO+ and RA+
subpopulations was expressed as Q6/(Q6+Q7). (E) Comparison of CD62L+% in RO+ and RA+
subpopulations in CD4+ and CD8+ T cells. Percentage of CD62L+ expressing in CD45R0 or CD45RA
subpopulations was expressed as Q14/(Q14+Q15). Background in isotype control was subtracted from
all the data in B and D.
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2.4.4 Expression of IFNy and IL4 is not associated with CD45RO in CD4+ T

cells




Induction of IFNy and or IL4 after brief in vitro stimulation is a conventional method to
detect memory T cells in humans and cattle [257-259, 319]. Using this method, about 15%
of the CD4+ T cells expressed IFNy, whereas a smaller population expressed IL4, plus an
even smaller fraction produced both IFNy and IL4 (Fig. 2.4A-B). Interestingly, the lack of
CD45R0 expression did not affect the frequencies of these IFNy or 1L4 producing cells (Fig.
2.4B), suggesting CD45R0O may not be an exclusive marker for memory CD4+ T cells. To
further examine the association of IFNy and/or 1L4 with CD45R0, data were analyzed in
two different ways. First, we calculated the percentages of cytokine producing cells within
CD45RA+ (RA+) and CD45R0 (RO+) subpopulations; second, we analyzed the frequencies
of CD45RA and CD45R0O within the cytokine producing population. Close to 20% of the
RO+ subpopulation produced IFNy, which was much lower (about 5 %) in RA+ (Figure
2.4D) This trend was similarly reflected in 1L4 producing cells but at a lower level, and, and
lack of CD45R0 expression did not affect the frequency of IFNy/IL4 production in RO null

cattle (Fig. 2.4D).

In the second analysis, more than 50% of IFNy or IL4 producing CD4+ T cells expressed
CD45R0, with a significantly small fraction also expressing CD45RA (Fig. 2.4E). There
was no significant difference in the frequencies of IFNy or IL4 producing CD4+ T cells
between grass-fed and grain-fed cattle (Appendix Figure A.4A). Additionally, the
percentage of CD45RO+ or CD45RA+ cells within IFNy or IL4 producing populations was
also similar (Appendix Figure A.4B). These data suggested that most cytokine-producing

CD4+ T cells express CD45R0O, consistent with previous reports in cattle [264, 279, 280,

320], but a majority of the CD45RO expressing cells are not producing effector cytokines.
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Figure 2.4: Expression of IFNy and IL4 is not associated with CD45RO in CD4+ T cells. Purified
PBMCs were stimulated with the activation cocktail for 4 hours before intracellular staining for IFNy
and I1L4, plus surface staining with antibodies to identify CD4+ T cells, and their expression of
CD45R0 and CD45RA. (A) Gating strategy for IFNy and IL4 gated on CD4+ T cells. Q17: IL4+
subpopulation not expressing IFNy, designated as IL4. Q18: IFNy and IL4 double positive
subpopulation, designated as IFN/IL4. Q19: IFNy+ subpopulation not expressing 1L4, designated as
IFN. (B) Comparison of IFNy and or IL4 producing CD4+ T cells between RO+ and RO null cattle
samples. (C) Gating strategies for IFNy or IL4 producing CD4+ in CD45RO or CD45RA
subpopulations. (D) Comparison of IFNy or IL4 expression in RO+ or RA+ CD4+ T cells. Percentage
of IFNy+ was calculated as Q12/(Q11+Q12), whereas IL4+ as Q26/(25+26). (E) Comparison of
CD45RO+ or CD45RA+ in IFNy+ or IL4+ CD4+ T cells. CD45RO+ or CD45RA+% in IFNy+ was
calculated as Q12/(Q12+Q13), whereas in IL4+% as Q26/(26+27), as indicated in (C). Background in
isotype control was subtracted from all the data in B, D and E.

2.4.5 Expression of IFNy is not associated with CD45R0O in CD8+ T cells

Vaccination against intracellular pathogens such as viruses induces memory CD8+ T cells,

which are critical for rapid control of infections [321, 322]. We detected memory CD8+ cells

using a similar methodology as applied for identifying memory CD4+ T cells in Figure 2.4.

Unlike in CD4+, CD8+ T cells only produced IFNy, but essentially no IL4 (Fig. 2.5A-B).
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Figure 2.5: Expression of IFNy is not associated with CD45RO in CD8+ T cells. The same samples
and treatment were applied as in Figure 4, but the analysis was gated on CD8+ T cells. (A) Gating
strategies for IFNy+ and IL4+, plus IFNy+ and CD45RO/CD45RA expression gated on CD8+ T cells.
(B) Comparison between IFNy (designated as IFN: Q2+Q3) and IL4 (Q1+ Q2) producing cells in CD8.
CD45R0O+ cells were designated as RO+ and CD45RA+ cells as RA+ in (C, D). (C) Percentage of
IFNy+ in RO+ or RA+ CD8+ T cells: Q12/(Q11+Q12), as indicated in (A). (D) Percentage of RO+ or
RA+ in IFNy producing CD8+ T cells: Q12/(Q12+Q13), as indicated in (A). Background in isotype
control was subtracted from all the date in B-D.
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This fact agrees with their cytotoxic function instead of the regulatory function defined for
CD4+ T cells that expressed both cytokines [322, 323]. However, consistent with the results
for CD4+ (Fig. 2.4), the lack of CD45R0 expression did not affect IFNy production in CD8+
T cells from RO null cattle (Fig. 2.5B). In CD8+ T cells, CD45RO expressing cells had a
significantly higher frequency of IFNy+ cells than those expressing CD45RA (Fig. 2.5C),
which was similar to observations in CD4+ T cells (Fig. 2.4D). However, within IFNy+
CDB8+ T cells, the frequency of CD45RA expressing cells was significantly higher than those
expressing CD45RO0O, opposite to the data in CD4+ T cells (Fig. 2.4E), suggesting that
CD45RA/RO expression was different between cytokine-producing CD4+ and CD8+ T cell
subtypes. These data further support the notion that CD45RA/RO expression is associated

with distinct T cell subtypes.
2.4.6 Expression of IFNy and IL4 is not associated with CD45RO in yd T cells

vo T cells have been suggested to be involved in both innate and adaptive immunity, thus
their memory has also been identified with CD45RO in cattle [324, 325]. Our data revealed
that 2 out of 12 cattle were RO null, and therefore, did not express CD45R0O in the y3 T cells
(Fig. 2.6B and data not shown). In the RO+ cattle, consistent with Fig. 2.2, more than 90%
of yd T cells expressed CD45R0O with majority of them also positive for CD62L (Fig. 2.6A-
B). Despite almost all of the yo T cells (>90%) expressed CD45RO, only a small fraction of
them produced IFNy, suggesting weak or no association between CD45RO and memory
phenotype (Fig. 2.6C-D) Among the IFNy expressing yd T cells, a small frequency of cells
was double positive for of IFNy/IL4, which was not affected by the lack of CD45RO
expression in the RO null cattle (Fig. 2.6C and dotted boxes in 2.6D). Previously, yd T cells

have been reported to express low levels CD25, [326-328], being activated at least partially.
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Figure 2.6: Expression of IFNy and IL4 is not associated with CD45RO in y3 T cells. PBMCs
were isolated from 12 cattle, which were tested for expression of CD45RO (RO+), CD62L
(CD62L+), IFNy (IFN) and 1L4 in a way similar to that in figure 4. (A) Gating strategy for RO+
and CD62L+ based on v T cells. (B) Comparison of CD62L expression in RO+ cattle and RO
null cattle. (C) Gating strategy for IFNy and IL4+ gated on y3 T cells. (D) Comparison of IFNy and
IL4+ between RO+ and RO null cattle. IL4 or IFN: Q5+Q6+Q7. Q5: IL4 only; Q6: IFN/IL4; Q7:
IFN only. Red dotted box: IL4 or IFN; blue box: IFN only; black box: IFN/IL4. (E-G): Gating
strategy for CD25+ and IFNy+ or IL4+ based on y3 T cells (E), and comparison of their expression
in both RO+ and RO null cattle (F-G). In F, CD25+% in all: Q9+Q10; CD25+% in IFN:
Q10/(Q10+Q11); CD25+% in I1L4+: Q14/(Q14+Q15). In G, IFN in CD25+: Q10/(Q9+Q10); IL4
in CD25+: Q14/(Q13+Q14). Data were expressed as mean plus 95% confidence interval (Cl) in B,
D, F and G. Background in isotype control was subtracted from all the date in B, D, F and G.

In our data, only a small fraction of IFNy+ and IL4+ cells expressed CD25 (Fig. 2.6E-G),

suggesting that these cytokine expressing cells were mostly memory but not activated cells.
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2.5 Discussion

Vaccine induces pathogen-specific memory T cells to protect animals from re-infection.
Memory cells in cattle are defined as CD45RO+ and CD45RA- T cells. However, our
research revealed that a fraction of cattle does not express CD45RO on T cells but still
differentiate into IFNy and IL4 producing memory cells. Additionally, in those that expressed
CD45RO0, the clustering of CD45R0O and CD45RA isoforms is uniquely related to bovine T
cell subtypes rather than the memory phenotype.

The classical paradigm supported that naive cells are CD45RA+ CD45RO- and
memory cells are CD45R0O+ CD45RA-. However, several results from humans and cattle, at

least partially, contrasted this characterization [264, 269, 272, 274, 275, 277, 278, 299, 302,

329]. In fact, multiple publications have suggested that the memory CD4+ and CD8+ T cells

could express CD45RA. Therefore, the relevance of CD45R0 as a unique memory marker

for T cells remains controversial [268-278, 330-333]. In support to these reports, our data
demonstrated that, in a fraction (about 20%) of healthy cattle, T cells failed to express
CD45RO but expressed a normal level of CD45RA. Interestingly, the frequency of IFNy and
IL4 producing memory cells in RO null cattle was not different from those in RO+ cattle.
This pattern was also consistent within cytokines producing memory CD4 +, CD8 +, and yd
T cell subtypes, indicating that in the RO null group, the memory T cell differentiation was
not affected by the absence of CD45RO expression. Furthermore, we noticed that the average
frequency of CD45RA+ T cells in the RO+ cattle was similar to those in the RO null, which
suggests that CD45RA expression might not depend on CD45RO0. In the RO+ cattle, only
less than 20% of CD45RO+ CD4+ T cells produced IFNy, which means that more than 80%

of CD45RO+ cells did not produce effector cytokine upon in vitro stimulation. These
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experimental observations strongly suggested that using CD45R0O as a marker for memory
T cells in cattle might be overestimating and even misleading.

The classical paradigm assumed that switching of CD45 isoforms from CD45RA to
CD45RO0 is an essential process associated with the memory T cell differentiation [263, 264,
311, 334-336]. However, the data from the RO null cattle suggested that, at least in a fraction
of cattle, switching of CD45 isoforms is not required for the induction of memory T cells.
We noticed that the average percentage of CD45RA+ lymphocytes in the RO null cattle was
similar to that in RO+ cattle. Further, the average frequencies of CD45RA+ cells within
CD4+ and CD8+ T cell subtypes in the RO+ cattle were also close to those in the RO null.
The evidence suggested that the isoform switch might not be necessary to induce memory T
cell population in all cattle. Therefore, the relevance of CD45RO as a signature marker for
memory bovine T cells is questionable.

Our data demonstrated that CD45RA/RO expression pattern differs in distinct bovine
T cell subtypes. While the proportion of CD45RA+ cells in the total lymphocytes was always
higher than that of CD45RO+ cells, the pattern varied significantly within the distinct bovine
T cell subtypes. In yd (more than 90%) and CD4+ (60%), CD45RO expression was dominant,
however, in CD8+ T cells, CD45R0O expression was relatively low (about 30%) but CD45RA
expression was significantly high. These data indicated a distinct pattern of CD45RA/RO
clustering in bovine T cell subtypes. The tendency of our data wasin partial agreement with
several previous reports, where 3 T cells were extensively CD45RO+, CD4+ T cells were

predominantly CD45RO+, but CD8 + T cells were mostly CD45RO- [264, 279, 302].

Interestingly, this pattern has been similarly reported in human T cell subtypes [337-341].
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Therefore, the distinct pattern of isomer clustering reflected that the CD45RA/RO expression
was strongly associated with bovine T cell subtypes.

We noticed that even within the cytokine producing T cell population, the CD45RA/RO
expression pattern was associated with distinct T cell subtypes, which agrees with several
previous reports. It has been reported that the antigen-specific memory CD4+ population is

within the CD45RO+ population [261, 264, 279, 280, 295, 297], but that of CD8+ T cells

contains both CD45RA+ and CD45RO+ fractions [264, 291, 292, 294]. Previously,

cytokine-producing ovalbumin (OVA)-specific memory bovine CD4+ T cells were found
within the CD45RO+ sub-population, which is in line with another report, where the
CD45R0+ fraction of the CD4+ T cells dominantly produced IFN-y and IL4 in both blood
and lymph nodes [264, 279]. In contrast, a different pattern has been reported in the context
of bovine CD8+ T cells. While the S uberis and BCG specific memory CD8 + T cells were
mostly found within CD45R0O+ population, those specific to Theileria parva were under
both CD45RA+ and CD45R0O+ fractions [264, 291, 292, 294]. Our analysis suggested that
the memory bovine T cells could be both CD45RO+ and CD45RA+ with the dominant
expression of CD45R0 in the CD4+ T cells but CD45RA in the CD8+ subtype. Therefore,
the association between CD45RA/RO expression and bovine T cell subtypes was also
reflected within IFNy and IL4 inducing cells. Our analysis further suggests that CD45RA/RO
expression is associated with distinct bovine T cell subtypes. Within the total lymphocytes,
most (~90%) of the cells expressed either CD45RA or CD45R0O, and the frequency of
CD45RA+ cells was significantly higher than that CD45RO+ [342]. However, when T cells
were analyzed, differential clustering of CD45RA/RO expression were noticed in each

subtype. While CD45RA expression was high in CD8+ (around 80%), CD45RO was
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dominantly expressed in CD4+ (about 60%) and yd (about 90%) subtypes [342].
Furthermore, when CD45RA/RO expressions in IFNy- and IL4-inducing memory T cell
subtypes were examined, similar pattern of clustering were consistently detected. While the
cytokine-producing cells within CD8+ T cells were mostly CD45RA+, those within the
CD4+ and yd subtypes were CD45RO+ [342]. Interestingly, our data is supported, at least

partially, by some evidence reported in cattle [279, 302, 343], and humans [339-341, 344-

346]. Therefore, we believe that CD45RA/RO expression is strongly related to T cell

subtypes in cattle.

As CD45RA/RO expression on T cells was more related to distinct subtypes than the
memory phenotype, we speculate that their expression pattern could be associated with T

cell subtype-specific functions, which has been reported in humans [330, 347-349]. For

instance, Dengue virus (DENV) specific CD45RA+ CD4+ T cells, Epstein-Barr virus (EBV)
specific CD45RA+ CD8+ T cell, and M tuberculosis as well as cytomegalovirus (CMV)
specific CD8+ yd T cells expressing CD45RA demonstrated cytotoxic activity [330, 347-
349]. Additionally, CD45RA+ but not CD45RA- CD8+ T cells isolated from HIV-1 infected
patients selectively demonstrated cytotoxicity under in vitro assay, indicating that killing
ability could be related to CD45RA expression on these cells [333]. In contrast, CD45R0O
expression in the CD4+ T cells could be more related to immunoregulatory functions such
as helping B cells to produce immunoglobulins. CD45RO+ CD4+ T cells showed an
improved ability to adhere with immortalized B cell lines than the CD45RA+ cells [350].
Furthermore, CD45RO+ CD4+ T cell isolated from the blood of healthy humans stimulated
B cells to produce high levels of IgM and 1gG in vitro, which were drastically reduced when

CD45R0O+ CD4+ T cells were removed from the culture [267, 351]. These lines of evidence
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provide a new perspective for interpreting the distinct pattern of CD45RA/RO clustering on
T cells that their expression could be related to the distinct T cell subtypes and their specific
effector functions. Therefore, more research is required to appropriately understand how
distinct CD45RA/RO expression is related to the cell-specific functions in cattle.
Nevertheless, more biomarkers are warranted to precisely identify the memory bovine T cell

population in cattle.

2.6 Conclusions

Our data contrasted the classical CD45RA/RO paradigm and suggested that CD45RO
expression on CD45RA- T cells is not strongly correlated with memory identification. Rather
than with memory phenotype, the pattern of CD45RA/RO distribution on the T cells is
associated more with distinct T cell subtypes. Therefore, future research should target
to identify novel markers for memory T cell population, and also define the function of

CD45RA/RO isoforms in cattle.
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3.1 Abstract

Bovine Th2 cells have usually been characterized by IL4 mRNA expression, but it is unclear
whether their IL4 protein expression corresponds to transcription. We found that grass-fed
healthy beef cattle, which were regularly exposed to parasites on grass, had a low frequency
of IL4+ Th2 cells using flowcytometry, similar to animals grown in feedlots. To assess the
distribution of IL4+ CD4+ T cells across tissues, samples from the blood, spleen, abomasal
draining, and inguinal lymph node were examined, which revealed limited IL4 protein
detection in CD4+ T cells across the tissues. To determine if bovine CD4+ T cells may
develop to Th2, naive cells were stimulated with anti-bovine CD3 under a Th2 differentiation
kit in vitro. Cells produced primarily IFNy protein, with only a small fraction (<10%) co-
expressing IL4 protein. Quantitative PCR confirmed elevated IFNy transcription, but no
significant change in IL4 transcription. Surprisingly, GATA3, the master regulator of 1L4,

was highest in naive CD4+ T cells, but was considerably reduced following differentiation.
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To determine if differentiated cells were true Th2, an unbiased proteomic assay was done.
The assay identified 4212 proteins, 422 of which were differently expressed compared to
those in naive cells. Based on these differential proteins, Th2-related upstream components
were predicted, including CD3, CD28, IL4, and IL33, demonstrating a typical Th2
differentiation. To boost IL4 expression, T cell receptor (TCR) stimulation strength was
reduced by lowering anti-CD3 concentrations: weak TCR stimulation essentially abolished
Th2 expansion and survival. In addition, extra recombinant bovine IL4 (rblL4) was added
during Th2 differentiation, but despite of enhanced expansion, IL4 level remained unaltered.
These findings suggest that, while bovine CD4+ T cells can respond to Th2 differentiation
stimuli, the bovine IL4 pathway is not regulated in the same way as in mice and humans.
Furthermore, presence of Ostertagia ostertagi (OO) extract, a gastrointestinal nematode in
cattle, inhibited signaling via CD3, CD28, IL4, and TLRs/MYD88, indicating that external
pathogens can influence bovine Th2 differentiation. In conclusion, though bovine CD4+ T
cells can respond to IL4-driven differentiation, IL4 expression is not a defining feature of
differentiated bovine Th2 cells.

Keywords: bovine, Th2 differentiation, IL4, IFNy, proteomics

3.2 Introduction

Although vaccination is the most cost-effective strategy for mitigating infectious diseases in
animals, existing vaccines against most extracellular pathogens like gastrointestinal
nematodes offer only partial protection upon parasite re-challenge in cattle [352-355]. Th2
cells are critical in controlling extracellular pathogens [356-358], however, it is unclear if
and how naive bovine CD4+ T cells differentiate into Th2 cells [25, 323]. While IFNy-

producing Thl cells that defend against the invading intracellular pathogens have been
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commonly detected in infected or vaccinated cattle [261, 290, 359-364], whether IL4 protein

producing Th2 cells differentiate in cattle remain mostly unclear. Increased IL4 mRNA

expression is considered hallmark for bovine Th2 responses [122, 204-206, 365].

In mice and humans, IL4 decreases the production of IFNy, a signature Thl protein.
Additionally, the master regulator of 1L4, GATAS, cross-regulates transcription of Thbet, the
master regulator of IFNy [75, 81-83]. This promotes the development of IFNy-negative Th2
cells that produce high levels of IL4. In contrast to data from mice and humans [366-369],
antigen-specific bovine CD4+ T cell clones significantly (60-90%) co-express IFNy and 1L4
transcripts [25, 323], suggesting their predominant differentiation into double positive
(IFNy+ IL4+) ThO cells capable of co-producing both Thl and Th2- associated hallmark
proteins. Nevertheless, despite of the controversy, an elevated ratio of IL4/IFNy mRNA

detection has been considered distinguishing feature of bovine Th2 cells [323, 370, 371].

Exposure to antigens derived from extracellular pathogens typically leads to increased
frequency of IL4+ Th2 cells in the blood and lymphoid tissues of mice and humans [372-
376]. However, in a recent study of healthy pasture-raised beef cattle [3], which are
frequently exposed to extracellular parasites such as Ostertagia ostertagi [377], we
discovered a small percentage of 1L4 protein producing CD4+ cells in the blood, which was
not significantly different from that of grain-fed cattle, which were less likely to be exposed
to these environmental extracellular parasites [342]. These observations led us to question
whether 1L4+ IFNy- CD4+ T cells are differentially distributed across other tissues such as
spleen and draining lymph nodes in the pasture-raised cattle. However, our examination
consistently revealed that bovine CD4+ T cells produce limited amount of IL4 protein

irrespective of the examined tissues. Thus we investigated how naive bovine CD4+ T cells
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differentiate into typical Th2 condition in vitro, created by adopting the standard practice
from mice and humans [5, 378, 379]. The differentiated cells were analyzed through unbiased
proteomic assay, flow cytometry, and quantitative PCR. Also, the regulation of bovine Th2
cell differentiation was tested under distinct culture conditions such as reduced TCR
stimulation strength, exposure to additional recombinant bovine IL4 (rbIL4), and the
presence of Ostertagia ostertagi worm extract in vitro.

Our results suggest that bovine CD4+ T cells differentiates into dominantly IFNy
producing IL4 negative cells along with a small fraction (< 10%) of IFNy and IL4 co-
expressing hybrid ThO cells, which reflects observations from the blood and lymphoid tissues
of cattle. Based on differential regulation of proteins relative to the naive cells, proteomic
analysis verified bovine Th2 differentiation, however multiple pieces of evidence contrasted
IL4 expression as the signature feature of bovine Th2 cells. Therefore, expression of IL4 may

not be the only signature cytokine for Th2 in cattle.
3.3 Materials and Methods
3.3.1 Cattle

The Wye Angus herd has been a closed herd since 1958. It is maintained by the Wye
Research and Education Center at the University of Maryland Experimental Station in
Queenstown, Maryland [380]. The steers were grazed on a pasture composed of clover,
orchard grass, and were supplemented with bailage and alfalfa during the winter season
[381]. When the animals were 5 or 6 months old, they were weaned and split into grass-fed
or feedlot (grain-fed) groups. While the grain-fed steers were processed at 14 months, the
grass-fed steers were processed at 20 months [44, 377], at a commercial plant run by George

G Ruppersberger & Sons in Baltimore, MD. Animal Care and Use Protocols were approved
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by UMD (R-FEB-18-06 and R-JAN-21-02) Institutional Animal Care and Use Committee.

All methods were performed in accordance with the relevant guidelines and regulation.
3.3.2 CD4+ T cell isolation

The blood was collected from the jugular veins of cattle at the Wye Angus Farm (UMD,
Queenstown, Maryland). PBMCs were extracted from anticoagulated blood [44, 377]. The
resultant single cell suspension was incubated with FITC-conjugated anti-bovine CD4
(Clone #CC8, BioRad, Hercules, CA) and PE-conjugated anti-bovine CD25 (Clone #CC63,
BioRad, Hercules, CA) for 30 minutes at 4°C, followed by two medium washes. The final
suspension included 2 * 107 cells per mL. The purity of sorted CD4+ T cells was confirmed
to be greater than 92% using a FACSAria Il sorter (BD, San Jose, CA). These were
subsequently stained with anti-bovine CD25 (Clone #LCTB2A, Washington State
University (WSU), Seattle, WA) to confirm CD25 negative status using a FACSCanto |.

(BD, San Jose, CA).

3.3.3 Differentiation of CD4+ T cells

The culture was similar as described previously [382, 383]. Briefly, anti-bovine CD3 (Clone
#MM1A, WSU, Pullman, WA) was added to 24 - well plates at 10 pg/mL in 250 pL 1X PBS
(Hyclone, Logan, UT), and the coated wells are covered with replacing RP-10 medium at 4°
C overnight, which was discarded before seeding the cells. Sorted out CD4+ T cells are
resuspended either into freshly made Th1 or Th2 differentiation medium at a desired density,
and 1.5 ml cell suspension containing 2 * 10"° CD4+ T cells were seeded in the anti-bovine
CD3 coated wells. Thl differentiation medium was made by mixing RPMI 1640, 5% FBS,

L-Glutamine (200mM), Penicillin/streptomycin (100X) and reagents in the Cell X Vivo
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Human Th1 cell differentiation kit (R & D system, catalogue# CDKO001). Th2 differentiation
medium was prepared by mixing X-VIVO™15 serum-free Hematopoietic cell medium
(Lonza, catalogue # 04-418Q), Penicillin/streptomycin (100X), and reagents present in the
human Th2 kit (R & D system, catalogue# CDKO002). The seeded plates were incubated in
37° C, 5 % CO0 for 13 days for Th1 and for 5 days for Th1l differentiation. Depending on the

cellular growth, around 300 ul differentiation medium were replaced at every 3-4 days.
3.3.4 Flowcytometry analysis

Th1 and Th2 cells were collected for staining at days 5 and 13, respectively. Harvested cells
were aliquoted for surface and intracellular staining. For surface labeling, cells were stained
with primary antibodies for 30 minutes at 4 °C before being washed with 2% staining buffer
(SB) to eliminate any unbound antibodies. Staining with secondary antibody was performed
in the same way. After the final wash, cells were incubated with a fix solution for 15 min at
4 °C. Followed by one more round of SB wash, cells were resuspended in 100 uL SB and

analyzed with the FACSCalibur™ flow cytometer.

Before performing intracellular staining, cells were stimulated with cell activation
cocktail (Bio-techne, Minneapolis, MN, USA) at 37°C with 5 % CO for 4 hours. The
cocktail contains monensin sodium salt (1.5 mM), phorbol 12-myristate 13-acetate (0.0405
mM) and ionomycin calcium salt (0.67 mM) [384, 385]. The cells were then permeabilized
with Perm/Wash buffer for 15 minutes at 4°C, and subsequently incubated with primary and
followed by secondary antibodies for 30 minutes at 4 °C. Isotype controls were stained using
isotype antibodies, and an unstained control was also included. Finally, cells were

resuspended in 100pL SB, and then Flow cytometry was performed, acquiring a minimum
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of 20,000 events. Data analysis was conducted using FlowJo version 10 (Tree Star, Ashland,

OR, USA).
Primary antibodies
Specificity Clone Isotype Colors Source
bCD3 MM1A IgG1 - WSUMAC
bCD4 CCs 1gG2a FITC Bio-Rad
bhCD25 LCTB2A 1gG3 PE WSUMAC
bCD62L BAQ92A 1gG1 FITC WSUMAC
bIFNy CC302 IgG1 PE Bio-Rad
biL4 CC303 1gG2a - Bio-Rad
Secondary antibodies
Specificity Secondary antibodies Source
1gG1 Anti-mouse 1gG1-APC BiolLegend
1gG2a Anti-mouse 1gG2a-APC BiolLegend

3.3.5 Proteomics

For proteomics analysis, 50 ug of each protein sample was digested with trypsin using the
EasyPep mini digestion kit (Thermo Scientific) separately. Each sample was then labeled
with a different TMTPro (Thermo Scientific) reagent following manufacturer’s protocol.
Labeled peptides were then mixed and the mixture dried under vacuum. The mixed peptide

sample was then dissolved in 300 uL 0.1% TFA and fractionated into 10 fractions using the
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high pH fractionation kit (Thermo Scientific). Each fraction was dried under vacuum and
reconstituted in 0.1% TFA.

A Dionex U3000 nanoHPLC system interfaced to a Thermo Scientific orbitrap Fusion
Lumos mass spectrometer was used for the LC-MS/MS analysis. ~1 ug of each fraction was
injected into an Acclaim™ PepMap™ 100 trap column (75 pm x 2 cm, Thermo Scientific))
and desalted at 5 pL/min with 100% Solvent A for 5 minutes. The peptides were then
separated using an Acclaim PepMap™ 100 nano column (3 pm,, 75 umx250 mm) over 160
minutes with a linear gradient of 5-50% solvent B (80% ACN, 0.1% formic acid). The
Orbitrap detected precursor (R=120,000) and fragment (R=50,000) masses at. Data
dependent MSMS was performed at a cycle time of 2 seconds. Dynamic exclusion was set
to 20 seconds within 10 ppm error. Collision energy was 37%, which is higher than normal
to assure efficient fragmentation of TMTPro labeled peptides.

Proteome Discoverer software (v. 2.5, Thermo Scientific) was used for protein
identification and quantification, peptide matching and protein inference was carried out
using Sequest HT search engine against bovine proteome downloaded from Uniprot
(uniprot.org, 2020-03-06) using search engine. M oxidation (+15.995) and protein N-
terminal acetylation were designated as variable modifications, carbamidomethylating of C
(+57.021), TMTPro labeling (+304.207) of K and peptide N-Terminal were designated as
fixed modifications. Mass tolerance was 10 ppm for precursor and 0.02 Da for fragment
masses. Percolator was used to control false discovery rate to <1%. TMT reporter ions were
quantified based on signal to noise when available, when data doesn’t have signal to noise,
reporter ion intensity is used. Protein abundances were normalized to the abundance of

GAPDH. A nested study design was applied for relative peptide and protein quantification.
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Peptide and protein ratios were first calculated within cells derived from the same cattle,
background-based T-test was then applied to evaluate significance. Peptides with >35%
consolation or < 2 reporter ions were not included in quantification. Principle Component
Analysis (PCA) and Heatmap of proteins related to immune response (Gene Ontology) were
generated from Proteome Discoverer.

Proteomics data is available as MassIVE dataset MSV000091527.

3.3.6 Quantitative PCR

Cells were collected, washed with 1X PBS, and the pellets lysed with RLT lysis buffer
(Qiagen, Germantown, Maryland). The RNeasy Micro kit (Qiagen) was used to extract total
RNA, with DNase treatment included in the procedure. A NanoDrop 1000
spectrophotometer was used to test RNA quality, and 400 ng of total RNA was used to
synthesize first-strand cDNA using the Thermo Maxima First Strand cDNA synthesis kit
(Fisher, Waltham, MA) in an Eppendorf Master Gradient Cycler. 400 ng of synthesized
cDNA was divided into 5 ng/uL concentrations. Quantitative PCR (qPCR) amplification was
done in the C1000 Touch Thermal Cycler (BioRad, Hercules, CA) using 2 pL of diluted
cDNA and the 1Q SYBR Green Supermix. In each reaction, 2 uL of cDNA template and two
primers (final concentration 400 nM) were used, followed by a two-step technique of
denaturation at 95°C for 3 min, 40 cycles of 10 sec at 95°C, and extension at 55°C for 30
seconds. Melting curves were obtained after 40 cycles, and all amplified products were

validated via gel electrophoresis and sequencing.
3.3.7 Statistical Analysis

Statistical analyses were performed using Prism 8 (GraphPad Software, Inc., La Jolla, CA);

details can be found in the figure legends. All data were analyzed using a one-way ANOVA
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with Tukey's Multiple Comparisons Test. Asterisks denote statistical significance. *P <0.05;

**P <0.01; ***P <0.001.
3.4 Results
3.4.1 Bovine memory CD4+ T cells are a mixture of IFNy dominated ThO

The detection of an established memory T cell population is the gold standard for assessing

efficacy of vaccinations [292, 307, 308]. Previously we reported that beef cattle raised on

pasture demonstrated a small fraction of IL4+ CD4+ T cells in the blood [3], which was not
significantly different from those in the grain-fed cattle. To assess if IL4+ CD4+ T cells in
the grass-fed cattle are distributed more in the lymph node draining abomasum, bovine CD4+
T cells from blood (BL), spleen (SP), draining lymph nodes (DLN) and inguinal lymph nodes
(ILN) samples were examined for the expression of surface (CD3 & CD4) and intracellular
(IFNy & IL4) molecules. The frequency of total CD4+ T cells was highest in the BL and
lowest in the DLN (Fig 3.1A-B).

The highest percentage of IFNy-producing CD4+ T cells was detected in the blood,
which was lowest in the lymph nodes draining the abomasum (Fig 3.1C-D), consistent with
the notion that memory T cells predominantly exist in circulation or somatic tissues, whereas
most CD4+ T cells are naive in the lymphatic tissues like lymph nodes, thus not producing
much of IFNy [386-388]. Of all the investigated tissues, CD4+ T cells in PBMCs had the
highest proportion (~ 40%) of IFNy and/or IL4 producing cells, with IFNy (designated as
IFN) being significantly dominant (Fig.3.1D). A small fraction of IL4+ CD4+ T cells were
similarly distributed among blood and different lymphoid tissues of pasture-raised cattle with
no significant statistical difference, consolidating the observation from grain-fed cattle

reported previously [342]. Notably, the majority of IL4 expression was restricted to the
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Figure 3.1. Bovine memory CD4+ T cells in healthy beef cattle are a mixture of Thl and Tho.
Lymphocytes were gated in peripheral blood mononuclear cells (PBMCs) or lymphoid tissues, and
examined for expression of surface markers and cytokines. (A-B) Gating (A) and comparison of
CD4+ T cells % in different tissues of grass-fed cattle; (C-D) Purified PBMCs or single cell
suspension of lymphoid tissue were stimulated with the activation cocktail for 4 hours before
intracellular staining for IFNy and 1L4, plus surface staining with antibodies to identify CD4+ T cells
[3]. (C) Gating strategies for IFNy or 1L4 producing cell in total CD4+ T cells. (D) Comparison of
IFNy or IL4 expression in CD4+ T cells. Percentage of L4+ only: Q1; IL4+/IFNy+ (double positive):
Q2; IFNy+ only: Q3. Background in isotype control was subtracted from all the data in D. BL: blood;
DLN: abomasal draining lymph nodes. ILN: inguinal lymph node, SP: spleen. Data were analyzed
by one-way ANOVA with Tukey’s Multiple Comparisons Test. Asterisks indicate statistical
significance compared to BL in B and D. *P <0.05; **P <0.01; ***P <0.001. NS: not significant.
The same analysis will be performed in the rest of figures unless mentioned otherwise
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double positive ThO cells (Fig. 3.2D) [25]. These results suggested differentiation of CD4+

T cells into Th1l dominant ThO profile in cattle.
3.4.2 In vitro programming under Th2 leads to IFNy dominated ThO

Polarized Thl and Th2 cells are well-documented in mice and humans [367, 389, 390].

Human Thl differentiation kit that mainly contains human IL12 (hIL12), and Th2
differentiation Kits, primarily composed of human IL4 (hiL4), are commonly used for the
vitro studies [391, 392]. Notably, both of these human cytokines have demonstrated effective
biological activities in the bovine cells [393-395]. With this in mind, we explored the use of
human Kkits to differentiate bovine CD4+ T cells under typical Th2 culture conditions,
keeping Th1l as a control. Previously, we discovered that, unlike in mice and humans [262,
263], CD45RA expression was not associated with naive CD4+ T cells in cattle [342, 396].
Therefore, we sorted out resting CD25 negative CD4+ T cells, as shown in Fig. 3.2A, and
stimulated them with anti-bovine CD3 under

Th2 conditions using human differentiation kit (Fig. 3.2B). Indeed, CD4+ T cells
differentiated under human Thl condition, hereafter referred to as Thl cells for the
convenience, resulted in typical IFNy+ effector cells, a small fraction of which also co-
expressed 1L4, consistent with the observations from the pasture-raised cattle (Fig. 3.2C-D)
[397]. Interestingly, majority of the cells differentiated under Th2 culture, referred to as Th2
cells, were also not producing IL4 protein, rather were dominantly secreting IFNy. Though
a small fraction of IL4+ cells were induced, most of them were also positive for IFNy,
suggesting that double positive (IFNy+ IL4+) ThO cells were the major source of IL4 (Fig.

3.2D). Collectively, irrespective
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Figure 3.2: In vitro programming under Th1 or Th2 leads to ThO. (A) Purified PBMCs were stained with
anti-bovine CD4 and CD25 antibodies (direct conjugates). CD4+ T cell sorting was based on
CD4+/CD25-, with pre- and post-sorting purity check. Sorted cells were stimulated with anti-bovine CD3
antibody in the presence or absence of OO protein extract (3 pg/mL), and incubated in human Thl
polarization medium for 5 days, or Th2 polarization medium for 13 days [1, 2]. (A) Naive CD4 T cells
were gated on lymphocytes (small and large size), singlets, and CD25-/CD4+. (B) Experimental settings
for differentiation of Thl and Th2. Cont: control. (C-D) After 5-day (Thl) or 13-day (Th2)
differentiation, cells were washed and stimulated with a cell activation cocktail for 4 h [3]. (C) Gating
for cytokine producing CD4+ T cells after differentiation. (D) Comparison of cytokine producing cells
after Th1 and Th2 differentiation. (E-F) Sorted naive CD4+ T cells or differentiated CD4+ T cells were
examined for transcription of IFNy and 1L4 (E), and their corresponding master transcription factors Tbet
and GATAS3 (F), all relative to naive CD4+ T cell. Each dot represented individual cattle. Each dot
represented individual cattle.

64




of the culture conditions, bovine CD4+ T cell differentiated mostly into IFNy+ IL4- cells
along with a fraction (<10%) of hybrid ThO cells.

To examine the transcriptional regulation of IFNy, IL4, and their corresponding master
transcription factors Thet and GATA3, quantitative PCR was performed using housekeeping
gene GAPDH as the reference [398]. In line with protein expression data, we observed
significant (>100 fold) enhancement of IFNy mRNA expression in both Th1l and Th2 cells
compared to naive CD4+ T cells. In contrast, IL4 mMRNA was moderately enhanced (>10
fold) but with no significant statistical difference (Fig. 3.2E). Of note, the master
transcription factors, Thet and GATAS3 were highly co-expressed in the naive CD4+ T cells,
but the level of GATAS in Th2 and that of Thet in the Th1 was significantly lower than those
in the naive CD4+ T cells (Fig. 3.2F), suggesting that hallmark master regulators observed
in mice and humans shows an opposite trend in cattle. In summary, in vitro CD4+ T cell
differentiation under Th2 culture generates Thl dominant ThO phenotype, consistent with
memory CD4+ T cell profile in the blood and lymphoid tissues of grass-fed beef cattle (Fig.

3.1D), and in line with data published in our recently published papers [342, 396].
3.4.3 Validation of Th2 differentiation

To validate if the differentiated cells under Th2 condition were actually Th2 cells, rather than
focusing only on IFNy and 1L4 expressions, we conducted an unbiased proteomic assay and
analyzed the proteins using ingenuity pathway analysis (IPA) software. Multiplexing with
Tandem Mass Tag (TMT) followed by high pH fractionation and LC-MS/MS led to
identification of 4212 proteins from three biological replicates in each population. Indeed,
the Thl and Th2 polarization regulated different groups of proteins (Fig. 3.3A), most of

which were overlapping structural proteins. Notably, Th1, Th2 and the naive cells fell into
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different clusters upon principal component analysis (Fig. 3.3B), suggesting that cells
induced under Th2 condition demonstrated a distinct phenotype compared to naive and Thl
cells. Considering 1.5-fold as the cutoff value (P< 0.05), a comparison with naive CD4+ T
cells revealed 422 differentially expressed proteins in the bovine Th2 cells, and 397 in Thl
(Supple. Protein List). Furthermore, based on the Th2 differential proteins, the ingenuity
pathway analysis (IPA) predicted typical upstream regulators associated with Th2, including
IL4, IL7, IL1B, and IL33 (Fig. 3.3C, Appendix B.1), suggesting a typical Th2
differentiation. Th1/Th2 differentiation is tightly regulated by specific master transcription
factors, correspondingly such as Tbet for IFNy, and GATA3 for IL4 [5, 51, 79, 399]. Indeed,
based on the differentially expressed Thl and Th2 proteins, TBX21, the gene encoding Thet,
was predicted to be activated in both Thl and Th2 (Table 3.1), consistent with the enhanced
IFNy expression in Fig. 3.2D-E. Nonetheless, based on differentially expressed Th2 proteins,
GATAZ3, which play major role in maintaining IL4 expression in mice and humans, was not
predicted as upstream molecules (Table 3.1), consistent with reduced GATA3 transcript and
unchanged 1L4 mRNA/protein detection after differentiation under typical Th2 culture (Fig.
3.2 E-F). Of note, consistent with those in the mice and humans, transcription factors like
AP-1, E2F2, Maf, MYB and NF-KB (Table 3.1) [400-411], as well as, cytokines such as
IL4, IL1, and IL33 (Fig. 3.3C, Appendix B.2) [411-417], were predicted as upstream factors
in bovine Th2 differentiation. Overall, proteomic assay validated differentiation of bovine

Th2 cells that bear some differences from those in murine and human models.
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Table 3.1: Predicted activation (Z score> 2) of upstream transcription factors based on differentially

expressed proteins in the Th1l vs naive and Th2 vs naive groups

Upstream Th1/Naive Th2/Naive
regulator
Z- Predicted P-value Target Z- Predicted P-value Target
score activation molecule | score | activation molecul
state sin state esin
database database
2.85
CEBPB 3.466  Activated 2.54E-12 36 9 Activated 3.16E-15 41
2.44
ETV5 2 Activated  0.0167 5 9 Activated 0.000158 8
3.66
MYC 4449  Activated 4.51E-06 40 7 Activated 7.34E-11 52
TBX21  2.449  Activated 9.78E-04 6 2 Activated 0.0308 4
FOXM1 247 Activated 2.3E-06 12 N/A
2.37
AP1 N/A 2 Activated 2.05E-02 7
E2F2 N/A 2 Activated 0.00593 5
2.21
MAF N/A 9 Activated 8.91E-05 7
MYB N/A 2.157 Activated 0.00012 11
NFKB1 N/A 2.578 Activated 6.56E-5 15
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Figure 3.3: Th1/Th2 differentiations drive different effector functions. Quantitative proteomics analysis
of naive and differentiated CD4+ T cells was carried out using LC-MS/MS following multiplexing with
TMT and high pH fractionation. Heat map of differentially expressed proteins in naive, Thl, and Th2
cells with red indicating upregulation and blue indicating downregulation (A). Principle component
analysis (B) demonstrate cells differentiated under naive Th1- and Th2- cultures are distinctly clustered
(C) IPA pathway analysis was performed to predict upstream cytokines, and network analysis based on
the predicted activation and inhibition states of the upstream regulators identified in the Th2 vs naive
group. The data were based on the 1.5-fold up or down based on the proteins of Th2/Th1 based on the
average of three biological replicated.
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3.4.4 Th2 differentiation is sensitive to TCR stimulation strength
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Figure 3.4: Th2 differentiations is sensitive to strength of TCR stimulation. Naive CD4+ T cells were
differentiated under Th2 and Thl conditions as described in Figure 2B, with reduced CD3
concentration for coating. 1X: original concentration, 5 ug/ml, 10X: 0.5 ug/ml, 100X: 0.05 ug/ml.
Differentiated T cells were harvested for examination. (A) Comparison of expansion relative to 1X
anti-CD3. (B) Comparison of viability.

In mice, reducing TCR stimulation strength was able to shift CD4+ differentiation toward

the IL4+ phenotype [418-423]. To investigate if IL4 expression could be boosted in a similar

way, isolated naive CD4+ T cells were stimulated with plate-bound anti-bovine CD3

antibodies coated at varied concentrations under both Th1 and Th2 conditions, as illustrated
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in Fig. 3.2B. Even three-fold dilution (3X) of anti-bovine CD3 reduced Th2 proliferation by
more than 95%, but cellular expansion under Th1l conditions was reduced by 80% at 10X
dilution (Fig. 3.4A). Furthermore, the viability of the tiny number of surviving cells in Th2
cells was reduced to roughly 20%, demonstrating that even a 3X dilution of CD3 essentially
eliminated Th2 survival (>99%) compared to the 1X CD3 control (Fig. 3.4B). In Th1 cells,
the viability of remaining cells at 10X diluted CD3 was similar to that induced in the original
anti-CD3 concentration (1X), about 90% (Fig. 3.4B), indicating that the survival of
differentiating bovine Th2 cells is more dependent on intense TCR stimulation than Thl
cells. Therefore, in contrast to mice and humans, lower TCR stimulation strength is

detrimental to survival of bovine Th2 cells.
3.4.5 Extra recombinant bovine IL4 leads to enhanced Th2 differentiation.

To test if exposure to extra exogenous rblL4 could enhance IL4 expression, purified naive
CD4+ T cells were cultured under Th2 condition for 13 days as mentioned in Fig. 3.2B, in
the presence of rbIL4 introduced at various concentrations. The cells grew robustly when
rbIL4 was added at 0.05 ug/ml-5 ug/ml concentrations, ended up with 2-fold increase
compared with control (Fig. 3.5A). However, no changes were observed in CD25 (Fig. 3.5B)
or IFNYy/IL4 expression (Fig. 3.5 C-D). To confirm if this enhanced proliferation was induced
through 1L4, 0.5 ug/ml recombinant bovine IL4 was applied to Th2 condition, and protein
profiles of Th2 cells were contrasted with those derived from the Th2+rbIL4 culture. There
were 175 differential proteins, of which 20 molecules were related to the IL4 related effector

pathways.

In mice and humans, the presence of IL4 into the Th2 culture can enhance the expression

of Th2 transcription factors, STAT6 and GATAS3 [81, 82], which are indispensable for
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Figure 3.5: Extra recombinant bovine I1L4 leads to enhanced Th2 differentiation. Naive CD4+ T cells were
differentiated under Th2 condition in the presence of additional recombinant bovine IL4. IL4 was tested at
three different concentrations: 0.05 ug/ml, 0.5 ug/ml and 5 ug/ml. (A): Comparison of expansion (A), CD5
expression (B), IFNy and IL4 expression (C). (D) Th2 cells differentiated in the presence of 0.5 ug/ml
recombinant bovine 1L4 were analyzed for protein profiles, in contrast to Th2 control cells. IPA was used
to predict the effect function of the additional rbIL4. Network analysis was based on the predicted activation
and inhibition states of the upstream regulators identified in the rbIL4+Th2 vs Th2.




establishment of IL4 secreting positive feedback loop. Nevertheless, analysis based on 175
differentially expressed proteins did not predict STAT6 and GATAS as upstream factors in
rbIL4 treated bovine Th2 cells (Appendix Table b.4), which were observations in line with
the lack of IL4 upregulation in gPCR and flow cytometry data (Fig. 3.2 D-E).

While predicted effector pathways were related to 1L4, supported by detection of 20
targeted proteins (Fig. 3.5E), the activation score of 1L4 was predicted to be low (0.219,
Appendix Table B.5), which was because the software detected few discrepancies between
functional features of bIL4 with its murine and human counterparts (Appendix Table B.3).
IPA analysis suggested that rblL4 plays a partially different role in the bovine Th2

differentiation process compared to its counterparts in mice and humans.
3.4.6 Ostertagia ostertagi extract (OO) leads to inhibition of Th2 differentiation

Extracellular parasites regulate Th2 differentiation in mice and humans in vitro [424]. OO,
which is proteins extracted from the Ostertagia ostertagi worm, has effectively demonstrated
ability to modulate neutrophil functions in cattle [425], eventually inhibiting the activation
of bovine CD4+ T cells [44, 398]. To test if the differentiated bovine Th2 cells are sensitive
to OO extract, sorted naive bovine CD4+ T cells were cultured under anti-CD3 stimulated
Th2 condition in the presence or absence of OO protein extract as indicated in Fig. 3.2B, and

harvested cells were analyzed by flow cytometry and proteomic analysis.

To our surprise, treatment with OO led to cellular proliferation by 2-3-fold under Th2
conditions (Fig. 3.6A), without noticeable changes in IFNy and IL4 production (data not
shown). Based on differential regulation of 83 proteins (Appendix Table B.6), OO presence

led to inhibition of several key nodes including CD3, CD28, CD40, 1L2, IL7, IL15 and
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Figure 3.6: Parasite extract presence led to inhibition of Th2 differentiations. Naive CD4 T cells were
differentiated in the presence or absence of OO under Th2 condition as described in Fig 3.2B. Cells were
harvested and analyzed for changes of protein profiles, and the differential expressed proteins were further
analyzed by IPA. (A) Comparison of cell expansion influenced by OO. (B) Predicted effector function of OO
on Th2 differentiation. (C) Predicted OO-affected network. Network analysis was based on the predicted
activation and inhibition states of the upstream regulators identified in the Th2+OO versus Th2. (D) Detection
of mMRNA of TLRs. Naive CD4 T cells were analyzed for the presence of TLRs.

NF-KB, which are critical regulators of Th2 cell differentiation (Fig. 3.6B, Appendix Table

B.6) [323, 424]. Of note, TLR/MYD88 pathways were also found inhibited, especially
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through TLR4, 7 and 9 (Fig. 3.6C). Despite the fact that bovine innate immune cells express
a broad range of TLRs [426], it was unknown if the naive bovine CD4+ T cells express TLRs
as in mice and humans [427, 428]. For the first time, we confirmed that naive bovine CD4+
T cells express all the 10 TLRs in PCR, and their expression levels, except that of TLR3,
was abundant within 10 cycles compared with housekeeping gene GAPDH (Fig. 3.6D). It
seems that bovine Th2 differentiation can be inhibited by extracellular pathogens through

different pathways such as suppression via TLR/MYD88, at least in vitro.
3.5 Discussion:

In the blood and lymphoid tissues of pasture-raised cattle, majority of identified CD4+ T
cells were IFNy+ IL4 - and a small fraction of double positive ThO cells were mostly inducing
IL4 protein, which was similarly reflected by in vitro differentiated bovine Th2 cells.
Analysis of differentially expressed proteins suggested that Th2 differentiation was not
associated with 1L4 expression in cattle, which remained unenhanced despite manipulating

culture conditions in manners published in mice and humans.

Grass-fed cattle, which are fed with pasture are routinely exposed to infective larvae
of extracellular parasites such as Ostertagia ostertagi, but grain-fed cattle raised on the
feedlot-based diets are not exposed to these environmental pathogens. Therefore, we
speculated that memory CD4+ T cells in the blood of grass-fed cattle would produce more
IL4 protein than those in grain-fed group. Contradicting our hypothesis, peripheral CD4+ T
cells from grass-fed cattle were producing significantly low amount of L4 compared to that
of IFNy, demonstrating profile similar to those in the grain-fed group [323]. While mice
exposed to nematodes such as Nippostrongylus brasiliensis and heligmosomoides polygyrus

induce high frequency of 1L4+ Th2 cells in the spleen and mesenteric lymph nodes compared
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to those in the peripheral lymph nodes [372-375], we speculated whether 1L4+ CD4+ T cells
are distributed unevenly among different lymphoid tissues, such as the spleen (SP), and
lymph nodes draining abomasum (DLN) compared to those in the inguinal lymph nodes
(ILN) and the blood (BL). Once again, all these tissues reflected similar profile detected in
the blood (Fig. 3.1 D), contrasting observations in the mice [429, 430]. As Thl dominant
ThO profile was consistently detected irrespective of exposure to different dietary and
environmental conditions, we speculated that perhaps bovine CD4+ T cells spontaneously
differentiate into dominantly IFNy producing mixed profile, which could be examined under
the in vitro Th2 conditions, paralleling with the standard protocol in mice and humans [5,

378, 379].

In line with observations derived from the blood and lymphoid tissues of healthy
pasture-raised cattle, naive bovine CD4+ T cells did not exclusively differentiate into 1L4
protein producing cells. Only a small fraction of differentiated cells was 1L4+, which mostly
consisted of double positive ThO cells. To further investigate if the protein expression
tendency was reflected at the mRNA level, we evaluated transcriptional regulation of
hallmark cytokines and their master regulators, which were in line with the earlier
observations. Different from mice and humans, where IL4 transcript level keeps on
increasing after two days of stimulation [431], IL4 mRNA expression in differentiated
bovine CD4+ T cells was not significantly enhanced compared to that in the naive
counterpart [370]. Furthermore, unlike gradual upregulation of GATA3 mRNA following a

few hours of stimulation under the murine and human Th2 culture [141, 378, 432-435],

GATABS transcript was at the highest level in the naive bovine CD4+ T cells, which

downregulated significantly after differentiation (Fig. 3.2F). While IL4 expression and IFNy
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exclusion is associated with GATAS3 mediated repression of Tbet transcription in mice and

humans [5, 51, 84, 128-130, 378, 379, 433, 436], absence of strict cross-regulations between

these master regulators were somehow related to IFNy dominant ThO induction in cattle.

Since the cells differentiated under the Th2 culture were not highly producing IL4
protein, naturally, we then questioned if in vitro differentiated cells were real Th2 cells, so
we analyzed them through unbiased proteomic assay combined with IPA analysis. Based on
422 differentially expressed proteins in reference to the naive cells, our analysis revealed two
key observations. While predicted upstream factors were mostly consistent with Th2
differentiation in mice and humans, some cattle-specific features were noticed that partly
explained why IL4 expression in these cells were low. Consistent with mice and humans,
IL4, IL33, IL1, IL2 and IL7, which are key cytokines known for differentiation, proliferation

and survival of Th2 cells [411-417, 437-448], and transcription factors including AP-1,

E2F2, Maf, MYB, Jun-B and NF-KB, [400-410, 449-451], that are essential for driving the

transcriptional program, were similarly predicted in cattle. However, neither STAT6 nor
GATAS3 were predicted as upstream regulators in bovine Th2 differentiation, which are the
molecules involved in chromatin remodeling and increased IL4 transcription in mice and
humans [81, 82], partly explaining why IL4 protein detection in the differentiated bovine
Th2 were consistently low. Of note, STAT5, which has been suggested in GATA3
independent Th2 differentiation in mice [452-454], was also predicted as upstream factor in
cattle with its z-score suggesting activation, supporting the argument that bovine Th2

differentiation was not strongly associated with IL4 mRNA/protein detection in cattle.

Although IPA validated Th2 differentiation in cattle, IL4 expression in the

differentiated cells was fairly low, which impelled us to explore strategies for optimizing IL4
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expression in differentiated bovine Th2 cells. Therefore, we adopted standard practice from
murine and human experiments. As weakened TCR stimulation has been correlated with 1L4
enhancement under in vitro culture [418-422], we reduced the concentration of anti-bovine
CD3 used for stimulating bovine CD4+ T cells under typical Th2 condition. Despite the fact
that weakened TCR stimulation strength did not lead to a significant alteration in IL4 protein
expression, it was linked to decreased viability and diminished expansion of cells under the
Th2 conditions, a phenomenon not observed to the same extent in Th1l controls. While the
survival of bovine Th2 cells relied on robust TCR stimulation, their IL4 expression remained

unaffected by TCR stimulation strength.

Next, we tested if exogenously supplied blL4 could somehow overcome limited IL4
secretion by the differentiated bovine Th2 cells. Despite sharing similar N-glycosylation sites
[455, 456], a high concentration of hlL4 was required for mimicking biological effect of
bIL4 on the bovine cells [457], which could be due to relatively low sensitivity and/or affinity
of human analogue to the bovine receptors. To rule out this possibility, we added
appropriately glycosylated rblL4 into the Th2 culture, however its effect on IL4 production
was almost null at any added concentration, which were partially in line with previously
published reports in cattle [458]. Unlike in mice and humans, where addition of IL4 in the

culture inhibits IFNy secretion while promoting that of 1L4 [431, 459-461], neither 1L4

upregulation nor IFNy downregulation was noted in cattle, highlighting the fact that IFNy
and IL4 cross-regulation is not common in bovine species. Distinctly, blL4 failed to induce
arginase activity in macrophages in vitro [462], and its porcine analogous mediated inhibition
of the B cell responses in pigs [463], so heterogeneity in the functions of this cytokine across

species could be speculated.
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To find out why exposure to rblL4 did not increase 1L4 expression in the differentiated
cells, we conducted further analysis in the IPA. Evidently, we found that bovine IL4 seems
to have partially different role in bovine Th2 differentiation compared to those in mice and
humans. Specifically, rbIL4 addition into the Th2 culture led to regulation of several proteins
distinctly from those in mice and humans (Appendix Table B.3). Specifically, opposite from
those in mice and humans, I1L4 treatment was associated with downregulation of IL2 receptor
(IL2R) [464, 465], downmodulation of Jun-B induction [466, 467], and suppression of CD83
(co-stimulatory molecule) expression in cattle (Appendix Table B.3) [468-471]. IPA
analysis highlighted that lack of IL4 expression in the bovine Th2 cells might be related to

unique biological functions of bovine IL4.

Finally, we asked the most critical question, which was whether the bovine CD4+ T
cell differentiation under the in vitro Th2 conditions was sensitive to regulation from
extracellular pathogens, which has been commonly observed in murine and human

counterparts [424, 472-475]. Remarkably, OO extract presence elicited enhanced

proliferation of Th2 cells by several folds without significantly changing IFNy and IL4
expression in vitro, which were in contrast to its inhibitory effect on the expansion of PBMCs
reported before [476-478], the discrepancy might be related to difference in methodologies,
and culture duration. While we co-cultured CD3 stimulated sorted naive bovine CD4+ T
cells with the parasite protein extract, whole PBMCs were used in the previous experiments.
Our results are partially in line with proliferation of CD4+ T cells from healthy cattle in
response to Dictyocaulus viviparous homogenate and Theileria annulata infected cells [479,
480]. Based on differential expression of proteins, IPA strongly predicted activation of T cell

proliferation pathways in Th2+OO group when contrasted with Th2 cells.
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The presence of OO extract in the culture inhibited three critical signals involved in
bovine Th2 cell differentiation in addition to those via TLR/MY D88 pathways, suggesting
potential mechanism to avoid effective immunity in cattle [473, 481-484]. Noticeably, CD3
that mimics the antigen stimulation (1% signal), CD28, which provides co-stimulation (2"
signal), and cytokines like 1L4 and 1L33, which provides polarizing 3" signals were found
inhibited in the Th2+OO culture [437, 485, 486]. More importantly, NF-kB signaling, which
can be inhibited by extracellular pathogens such as Schistosoma species in humans [424],
were also found inhibited (Appendix Table B.6). Additionally, ligands present on the OO
extract seems to have further suppressed TLRs/MYD88 pathways, which are partially
consistent with published literature such as downregulation of TLR2 expression in Filarial
and Schistosoma Japonicum infection [487, 488], and inhibition of MY D88 signaling by the
products derived from helminths [489, 490]. While murine CD4+ T cells can express
transcripts of TLRs from 1 to 9, which have been mostly similarly found in humans excluding
that of TLR 6 and 8 [491-496], we report that the naive bovine CD4+ T cells express 10
TLRs. We believe that at the resting stage naive CD4+ T cells might also perform innate
immune functions. Collectively, data indicated that OO might regulate Th2 differentiation
through multiple pathways including those via TLR/MYD88 to avoid effective Th2

responses mounted in the cattle.

One key observation consistently noticed in cattle was majority of IL4+ cells were
hybrid ThO. In mice and humans, IFNy and IL4 expression in the CD4+ T cells is mostly
mutually exclusive [366, 368, 369], and only a small fraction of hybrid cells co-express IFNy
and IL4, which were traditionally characterized as ThO cells, and recently have been renamed

as Thi+2 cells [135, 137, 138, 141-143]. Partially different from those in mice and humans,
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co-expression of IFNy and IL4 transcripts was found predominant (60 - 90 %) in cattle [25,
122, 497-499], which the authors designated as bovine ThO feature. Our data partially
supports the previously published data as at the transcript level co-expression was found
relatively common in cattle, however we further demonstrate that at the protein level only a
small fraction (<10%) of cells represent actual ThO. Of note, highest level of Thet and
GATA3 mRNA are found co-expressed in the naive bovine CD4+ T cells, therefore
characterization of ThO cells based on transcript co-expression of master regulator has
limitations in cattle.

While previously we published that hIL12 can activate bovine CD4+ T cells and
enhance their IFNy expression with limited 1L4 protein [44, 458], lack of detection of IL12
in the Th1l proteome, and that of transcription factor STAT4 as an upstream factor suggest
that bovine Th1l differentiation might be very distinct in cattle [48-51]. On the other hand,
while IL4 driven Th2 kit was able to drive bovine Th2 differentiation, the process was not

found associated with IL4 expression.

3.6 Conclusion & Future directions

Our findings from evaluation of Wye Angus cattle challenge the conventional belief that
bovine Th2 cells are marked by a high L4/ IFNy mRNA ratio. Although naive bovine CD4+
T cells responded to Th2 related cues, differentiated cells dominantly produced high amount
of IFNy protein with limited detection of IL4, which was supported by data from the blood
and lymphoid tissues of pasture-raised cattle frequently exposed to the extracellular parasites.
Results warrants that though IL4 may serve as a differentiation specific cytokine, it may not
be the primary cytokine produced by the bovine Th2 cells, which underscores the need to

revisit Th1/Th2 paradigm in cattle in the light of advanced technology. While this study
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focused on polyclonal populations, our ongoing research aims to investigate antigen (OO)-
specific CD4+ single cell population, which will generate more definitive answers in the

future.
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3.1Abstract:

While interleukin 4 (IL4)-producing Th2 cells are traditionally associated with effective
immune defense against extracellular parasites, our in vitro differentiated bovine Th2 cells
revealed a notable discrepancy. Contrary to expectations, majority of these cells exhibited
high IFNy production, with less than 10% of them co-expressing IL4 (submitted under
review). This finding diverges from previous research on anti-parasitic CD4+ T cell clones
derived from experimentally infected cattle, which reported a dominant induction of a mixed
phenotype characterized by mRNA of both IFNy and IL4, termed as bovine ThO clones. To
investigate whether Ostertagia ostertagi (OO)-specific CD4+ T cell clones derived from
naturally infected cattle actually display a similar ThO-dominated phenotype, CD4+ T cells
isolated from the blood of pasture-raised cattle, confirmed to be infected with OO, were co-
cultured with autologous irradiated PBMCs as antigen-presenting cells (APCs) in the
presence of OO antigens. After several rounds of expansion, a single OO-responding CD4+
T cell was sorted into each well, and then was repeatedly stimulated with autologous
irradiated PBMCs plus OO antigens for several weeks, before being characterized. All 21

CD4+ single T cell clones from 5 cattle produced high levels of IFNy, and only 5 of them
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co-expressed IL4 with remaining 16 detected negative for IL4 expression, supporting, a
dominant IFNy-producing ThO phenotype. These findings suggest that even in the typical
Th2 response observed in natural infection against extracellular parasites, pathogen specific
Th2 clones exhibit a profile consistent with the phenotype detected in our previous
experiments. Results support the notion that bovine Th2 responses are inherently predisposed
towards an IFNy-dominant ThO phenotype, and IL4 expression may not be a hallmark feature

of bovine Th2 cells.
4.2 Introduction:

It remains unresolved whether IL4 expression is a typical feature of bovine Th2 cells. In mice
and humans, detection of IFNy and IL4 in antigen-specific CD4+ T cell clones is mostly

exclusive [4, 367-369, 500, 501], regulated by master regulators Thet and GATA3

respectively [5, 51, 128, 130, 142, 399, 451, 502]. Nevertheless, our recent investigation in
beef cattle revealed a distinct pattern of bovine CD4+ T cell differentiation intrinsically
biased toward IFNy dominated ThO mixture. Challenging the traditional association between
bovine Th2 differentiation and IL4 expression, multiple lines of experiments highlighted that
IL4 expression in the differentiated bovine Th2 cells remain unchanged despite manipulation
of TCR stimulation strength and addition of extra recombinant bovine IL4. Similarly, CD4+
T cells were found in the blood and lymphoid tissues of naturally OO infected grass-fed cattle
were dominantly producing IFNy with limited IL4 expression. This project aimed to validate
whether OO-specific Th2 clones derived from natural OO-infected cattle exhibit IFNy-
dominated ThO profile, as observed in our previous experimental settings.

Single CD4+ T cell clone, a population of antigen-specific cells that are derived from

a common precursor [145, 503-508], have been extensively utilized for assessing Th1/Th2
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responses [25, 366, 369]. Around three decades ago, single cell cloning was introduced into
the bovine field in evaluating functional T cell responses against pathogens such as Babesia

bovis and Fasciola hepatica [145, 171, 498, 507, 509-511]. Brown et al. (1998) in the

published review summarized the functional responses shown by these clones and argued
that most of the pathogen-specific bovine CD4+ T cell clones dominantly co-express IFNy
and IL4 transcripts, suggesting co-activation of both Thl- and Th2 associated differentiation.
However, the research was limited by inconsistencies between expression of IL4 mRNA and
level of its protein detected in the supernatant, as well as, lack of assessment of transcriptional
activities of master regulators Thet and GATA3. To confirm whether anti-parasitic CD4+ T
cell clones specific to antigens from extracellular pathogen actually differentiates into ThO
dominant response as suggested by the review, or alternatively into IFNy dominated ThO
mixture as indicated by our recent in vitro studies, a panel of CD4+ single T cell clones were
established from the naturally OO infected grass-fed beef cattle, and their expression of
hallmark cytokines and transcription factors were carefully analyzed.

Different from the previous bovine research, which used PBMCs from experimentally
pathogen challenged cattle to generate antigen-specific T cell polyclones, we adopted cattle
naturally exposed to OO on pasture, and used purified CD4+ T cells for developing T cell
polyclones responding to the OO antigens. Moreover, overcoming the limitation of highly

laborious limiting dilution technique used by the previous research [145, 503-508], we

conducted flowcytometry based plate sorting to directly isolate single CD4+ T cell clone into
the multi-wells plate for further expansion [512]. CD4+ single T cell clones that were
responding to several rounds of weekly re-stimulations were examined through flow

cytometry and gPCR assays. We were able to establish 21 CD4+ single T cell clones. All
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clones produced high amount of IFNy, but only 5 of them co-expressed 1L4, the rest of 16
did not produce IL4 at all. Data support that OO-specific CD4+ T cell clones derived from
cattle in a natural farm setting do not express IL4 as their signature feature. Seems OO
specific CD4+ T cell clones are dominantly IFN+ IL4- cells, however a small number of
clones can exhibit [FNy dominated ThO mixture, which reflects the CD4+ T cell profile
identified in grass-fed bovine tissues and in vitro differentiated bovine Th2 cells. These
established clones might offer a promising platform for identifying effective immunogens
and mapping T cell epitopes, contributing to rapid development of protective vaccines

against OO infection in the future [145, 171, 506, 511].

4.3 Material and Methods
4.3.1 Cattle

Since 1958, the Wye Angus herd has maintained a large number of genetically or closely
related cattle under the care of the Wye Research and Education Center, University of
Maryland Experimental Station (Queenstown, MD) [380]. At 5-6 months of age, the animals
were weaned and subsequently divided into grass-fed (pasture-raised) or grain-fed groups.
Grass-fed cattle were fed with pasture of orchard alfalfa and clover except during winter,

when alfalfa and bailage were exclusively included in the diet [381].
4.3.2 OO-specific 1gG ELISA

Blood samples were collected from twelve (12) grass-fed cattle and ten (10) grain-fed cattle,
and OO-specific serum IgG antibody were assessed through direct ELISA as reported before
[513]. Bovine immunoglobulin isotype-specific antibodies conjugated with horseradish

peroxidase (HRP) from Bio-Rad Laboratories, Hercules, CA, was used as primary and goat
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anti-mouse IgG-HRP (Thermo Fisher, Waltham, MA) was used as a secondary antibody.
Briefly, 10 pg/mL crude adult OO antigens were coated on 96-well Nunc ELISA plates
(Thermo Fisher Scientific, altham, MA) in coating buffer (0.2 M sodium
carbonate/bicarbonate, pH 9.6) at 4 °C overnight. Phosphate-buftered saline, pH 7.2, 0.05 %
Tween 20 (PBST), was used to wash the plate using a plate washer (BioTek Instruments,
Winooski, VT), which was then blocked for 1 hour at 37°C using horse serum in PBST buffer.
The serum samples were diluted from 1:8,000 to 1:32,000 ratio in blocking buffer, and one
hundred microliters of the diluted serum samples were transferred to each duplicated well,
which were then incubated at 37 °C for 1 h. Following one more round of wash, 100 pl of
anti-bovine IgG HRP were added. Unbounded antibodies were washed again and then goat
anti-mouse IgG-HRP (1:3,000) diluted in blocking buffer was added to each well before
incubation at 37 °C for 1 h. After one more round of washing, 100 pl of 1- Step™ Ultra
TMB-ELISA Substrate Solution (Thermo Fisher Scientific, Waltham, MA) was added to the
plates, which were then incubated at room temperature for 20 min before the substrate
reaction was stopped by adding 50 pl of stop solution (2 M sulfuric acid in water). The optical
densities were measured at 450 nm by a microplate reader (Spectra 90, Molecular Devices,
San Jose, CA). The OD values of grass-fed serum was compared with that of grain-fed

animals.
4.3.3 Preparation of OO adult worm extract

Helminth free calves were subjected to experimental infection with III-staged L3 Ostertagia
ostertagi larvae, and antigens were prepared following previously described methods [514].
On days 9 and 21, the animals were euthanized, and adult worms were obtained from the

abomasum using gel migration technique. After washing with cold PBS thrice, the samples
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were subjected to centrifugation and then homogenization for five 15 second pulses on ice
using a Polytron homogenizer (Kinematica AG, Luzern Switzerland). The resulting
homogenates were spun down at 20,000 x g for 30 min at 4 °C and the soluble extract was
collected and was stored at —20 °C prior to use. The concentration of OO adult worm extract
were calculated using the bicinchoninic acid assay (BCA) kit (Thermo Fisher Scientific,

Waltham, MA).
4.3.4 PBMC isolation and irradiation

Grass-fed blood samples were collected in 10 ml EDTA blood tubes, which were spun down
at 12009 for 30 minutes at standard (5-7) break. Puffy coat layer was sucked and was mixed
with 1X PBS at room temperature, and about 8 ml of cell suspension was gradually laid over
5 ml lymphocyte separation medium into the 15 ml tube. Followed by density gradient
centrifugation at 900g for 30 minutes (break off), the second puffy coat layer was collected,
resuspended in 1X PBS (RT), and was spun down again at 5009 for 15 minutes on standard
break. The pellet obtained would again be resuspended in 1X PBS and was centrifuged at
250 g for 10 minutes for two more rounds before being resuspended into 10% FBS Allos
(RT). Cellular density was calculated with trypan blue exclusion method, and cells were
subjected to x-ray irradiation at 30 Gy for 5-6 minutes, conducted at facility inside the
department of Laboratory Animal Resources Imaging Core (DLARIC), University of

Maryland, College Park.
4.3.5 OO specific T cell cloning assay

The clones were generated from 5 grass-fed cattle raised on two different batches; while the
first batch included cattle #1, #2 and #3, the second batch included cattle #4 and #5. Different

from studies that used magnetic beads [515, 516], or performed antibody mediated depletion
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of specific subtype [517, 518], we used flow cytometry based sorting to obtain enriched
CD4+ T cell (purity > 95 %) population from the Ostertagia ostertagi exposed bovine PBMC
and cultured them either with autologous or heterologous irradiated PBMCs along with adult
OO worm extract in the rhIL2 supplied medium. After four rounds of stimulation, growing
T cell polyclones were harvested and frozen until used on liquid nitrogen tank. To perform
single cell cloning, the polyclones were recovered, and were subjected to single cell sorting
on 96 well plates. Individually sorted out cell was then stimulated with 5 * 10"* autologous
irradiated PBMCs and 5 ug/ml OO worm protein extract in the presence of rhiL2.
Approximately 20% media volume was replaced once every weak, and autologous irradiated
PBMC was replenished biweekly. On fourth week, the wells were screened and identified
single cell colonies were gradually transferred to 48 and then to 24 well plates through

weekly stimulation, before they were analyzed.
4.3.6 FACS

Cells containing successfully growing antigen specific single CD4+ T cell clones were
harvested, divided into two tubes, and were subjected to surface and intracellular staining. In
case of surface staining, cells were incubated for 25 minutes at 4 °C with primary antibodies,
and then were washed with 2 % SB followed by incubation with fix solution (1:1 ratio) for
15 min at 4 °C. Fixed cells were washed again and were resuspended in 100 uL. SB before

being read in FACSCalibur™ flow cytometer.

Before intracellular staining, cells were treated with cell activation cocktail (Bio-
techne, Minneapolis, MN, USA) at 37°C with 5 % CO: for 4 hours. The cocktail comprises
monensin sodium salt (1.5 mM), phorbol 12-myristate 13-acetate (0.0405 mM) and
ionomycin calcium salt (0.67 mM) and triggers the activation of cells while ensuring
retention of the cytokines produced within the cells. Permeabilization was performed with

P/W buffer for 15 minutes at 4°C, and the cell suspension was treated with primary antibodies
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for 25 minutes (4 °C) followed by staining with the secondary antibody. Gradual, P/W to SB
transition was made before relabeling the surface molecules with directly conjugated surface
antibodies. Isotype control samples were stained with isotype antibodies, and unstained
control were treated similarly on each step with no exposure to antibodies at all. Cells were
finally resuspended in 100uL. SB, and then Flow cytometry was performed acquiring a
minimum of 20,000 events. Data analysis was conducted using Flow Jo™ 10 (Tree Star,
Ashland, OR, USA).

Primary and secondary antibodies

Specificity Clone Isotype Colors Source
bCD4 CC8 19G2a FITC Bio-Rad
bCD25 LCTB2A 1gG3 PE WSUMAC
bCD62L BAQ92A IgG1 FITC WSUMAC
bIFNy CC302 lgG1 PE Bio-Rad
biL4 CC303 IgG2a - Bio-Rad
Anti-mouse 1gG1 - IgG1 APC Bio-legend
Anti-mouse 1gG2a - IgG2a APC Bio-legend

Isotype control antibodies

Isotype controls Source

Mouse IgG1 BioLegend
Mouse IgG2a BioLegend
Mouse 1gG3 BioLegend
Mouse IgM BioLegend
Mouse IgG1-PE BioLegend

4.3.7 Quantitative polymerase chain reaction (qQPCR)

Highly proliferating antigen-specific CD4+ T cell clones were collected, stained for CD4

expression, and around a million cells were sorted out using flow cytometry. Enriched CD4+
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T cells were washed with 1X PBS before their pellets were lysed with RLT lysis bufer
(Qiagen, Germantown, MD). RNA was isolated using the RNeasy Micro kit (Qiagen) driven
protocol that incorporated DNase treatment steps to eliminate genomic DNA contamination.
NanoDrop 1000 spectrophotometer was used to evaluate quality and concentration of
extracted RNA, of which equivalent to 400 ng of RNA was aliquoted for cDNA synthesis
through Termo Maxima First Strand cDNA synthesis kit (Fisher, Waltham, MA). Reverse
transcription (RT) was performed in an Eppendorf Master Gradient Cycler (Eppendorf,
Hamburg, Germany) with three cycles as follows: initialization by one cycle at 25 °C for 10
min, second cycle at 50 °C for 15 min, and third inactivation cycle at 85 °C for 5 min, after
which the machine was temporarily maintained at 4 °C. Synthesized cDNA in 20 uL volume
was diluted to 80 puL with RNase free water and 40 L cDNA that contained 2.5 ng/ pL
equivalent RNA was aliquoted for use in -20° C. 2 ul of the synthesized cDNA was used for
Quantitative PCR (gPCR) amplification, which was carried out using the 1Q SYBR Green
Supermix (BioRad, Hercules, CA) kit in a C1000 Touch Termal Cycler (BioRad, Hercules,
CA). 20 pL reaction volume that contained 2 pL of diluted cDNA template and two primers
(final concertation 400nM) were subjected to amplification through following steps: initial
denaturation at 95 °C for 3 min, 40 repeated steps at 95 °C for ten second, and extension at
55°C for 30 sec. After 40 rounds of cycles the melting curves were obtained, and the resulting

products were further analyzed by gel electrophoresis.
4.3.8 Statistical Analysis

Statistical analyses were performed using Prism 8 (GraphPad Software, Inc., La Jolla, CA);

details can be found in the figure legends. All data were analyzed using a one-way
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ANOVA with Tukey's Multiple Comparisons Test. Asterisks denote statistical significance.

*P<0.05; **P <0.01; ***P <0.001.
4.4 Results

4.4.1 Grass-fed serum exhibit significantly high OO-specific 1gG titers than those

of grain-fed cattle

A B

Grass-fed cattle (N=12) Grain-fed cattle (N= 10)

m

Serum collection ‘

Ostertagia ostertagi specific IgG ELISA

[
P

Figure 4.1: Comparison of OO-specific 1gG titer between grass-fed versus grain-fed cattle serum. Panel
A: Experiment approach; serum samples collected from twelve grass-fed and ten grain-fed cattle were
used to perform direct ELISA in the OO crude antigen coated plate. OD values were measured and
statistical analysis was done using non-parametric unpaired T test. Panel B: Data were plotted in prism
and significance was tested with cutoff p value **** (P < 0.001) and ***(P < 0.002). Statistical analysis
was done in Graph pad prism, and the figure was animated in Bio Render software.

Unlike the grain-fed cattle, which are fed with feedlot-based diet, grass-fed cattle are raised
on pasture harboring infective staged Il larvae of OO parasite, so we hypothesized that these
chronically OO exposed cattle would demonstrate significantly high titer of OO-specific IgG
in their serum relative to the grain-fed animals. Analysis of serum samples collected from

twelve grass-fed and ten grain-fed cattle confirmed that grass-fed cattle were infected with
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00, which was observed regardless of the concentration of diluted serum (Figure 4.1B).

These findings are

mostly consistent with our previously published report, which suggest that grass-fed cattle
are highly associated with OO exposure as demonstrated by lesions in abomasal mucosa
[377]. We selected five grass-fed cattle as an experimental animal to perform antigen-

specific T cell cloning assay.
4.4.2 OO specific CD4+ T cell polyclones were induced in MHC matched but not

in the MHC mis-matched culture

MHC matched culture MHC mis-matched culture

¥

3 ; » Uninfected cattle
00-exposed grass-fed cattle Autologous cattle 00-exposed grass-fed cattle
Irradiated s ‘ Irradiated
B a autologous - e a | heterologous
o / PBMCs @ ( PBMCs
CD4+ T cells + CD4+ T cells
’6 " .” " omm

Positive detection of colony (20X) Negative detection of colony (20X)

Figure 4.2: Generation of OO-specific T cell polyclones from OO infected grass-fed cattle. CD4+ T cells,
sorted out from peripheral blood mononuclear cells (PBMCs) (purity ~ 95%), were cultured either with
autologous (MHC matched) or heterologous (MHC mis-matched, uninfected) irradiated PBMCs in the
presence of 25 pg/ml adult OO crude antigen in the presence of recombinant human interleukin-2 (rh1L2).
Positive colonies were detected in the MHC matched condition but not in the MHC mis-matched condition
until fourth round of re-stimulation. CD4+ Photographs were taken under 20X resolution. The figure was
created in Bio Render software.
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A small frequency (10-20%) of effector or memory T cells, having significantly longer life
span than the naive T cells [519], are circulating in the peripheral blood [519]. Considering
that repeated exposure to antigens of OO worm, which is heavily found in the pasture grown
in temperate climate, would induce relatively higher frequency of OO-specific memory T
cells [520], we planned to generate OO-responding T cell polyclones by applying strategies

used in previous research in humans and cattle [145, 507, 521]. Briefly, CD4+ T cells

purified from the blood of naturally pathogen-exposed cattle was cultured either with

autologous (MHC matched)

or heterologous (MHC mismatched, uninfected) irradiated PBMCs in the presence of 25
ug/ml crude adult OO antigen in the rhiL2 supplied medium [25, 144, 145, 509]. Consistent
with the notion that induction of antigen-specific T cell response requires recognition of
specific antigens by the T cell receptor (TCR) in the context of MHC matched antigen
presenting cells, proliferating clones were detected only in the autologous condition, which
were maintained in culture for 3- 4.5 months [145, 506, 507], however presence of allogenic
irradiated PBMCs from the naive or uninfected cattle did not support induction of polyclones
even until fourth round of re-stimulations. These results support the observations from
previous studies, which highlights abrogation of MHC-restricted response when bovine
CD4+ T cells were stimulated with allogeneic irradiated PBMCs as the source of antigen-

presenting cells [145, 498].
4.4.3 OO-specific responding cells were typical CD4+ T cells

Individual antigen-specific CD4+ T cell was isolated in each wells of three 96 well plates
from a cellular suspension of T cell polyclones using the flow cytometry based plate sorting

method (Figure 4.3A) [503]. After a month of co-culture with autologous irradiated PBMCs
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Figure 4.3: Establishment & phenotypic characterization of OO-specific CD4+ single T cell clones
*Panel A: Workflow for generating OO- specific CD4+ T cell clones from the polyclone mixture.
Individually sorted out CD3+CD4+ T cell from the polyclone was cultured with 50,000 autologous
irradiated PBMCs, 5 pg/ml adult antigen and rhiL2. Antigen-specific colonies screened on Day 30 were
progressively transferred to 48 and then 24 well plates and were analyzed for surface expression of CD3,
CD4, and v4 expression. *Panel B: Analysis of surface markers on OO- specific CD4+ single T cell
clones. Blasting Lymphocytes (70-250K) were gated, followed by single cell gating. Gated CD3 cells
were evaluated for CD4 versus GD (yd) expression and CD4 versus CDS8 expression (data unpublished).
*Panel C: Comparison between four fractions of cells based on CD4 and yd expression on CD3+ gated
T lymphoblasts (Table 4.1); Q1: yd+ CD4-, Q2: y5- CD4-, Q3: CD4+ v5-, Q4: CD4+ yo+. Asterisks
indicate statistical significance compared to BL in B and D. **** P < 0.0001., and *** P < 0.0002. NS:
not significant. The same analysis will be performed in the rest of figures unless mentioned otherwise.

and antigens in the presence of rhIL2 supplied medium, few wells were detected positive for

proliferating clones. Out of these positively screened clones, a small number (1-7) of CD4+
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single T cell clones per cattle were successfully transferred to the 24 well plates through
weekly re-stimulation carried out with autologous irradiated APCs and 5 ug/ml OO antigens
(Table 4.1).

Consistent with the fact that CD4+ single T cell clones can be maintained under culture
conditions for several months [25, 503], most of the OO antigen-responding CD4+ single T
cell clones could be clonally passaged until 71" to 12" rounds of re-stimulations, before they
were examined. Nonetheless, few vigorously expanding clones such as D7 and H7 from #1
were expanding until 14" round of stimulation (> 3 months) while E4 from cattle #4
responded even up to the 18" rounds (> 4 months). These findings are congruent with the
semi-stem cell like nature of the memory cells. OO responding CD4+ single T cell clones
were propagated through weekly antigen-specific stimulation with MHC matched irradiated
PBMCs and 5 pg/ul OO extract before being examined for phenotyping and cytokine
producing responses [25, 503]. Antigen-responsive CD4+ T cells, which were observed as
morphologically blasting cells under microscopy. In the flow cytometry data, these blasting
lymphocytes were characterized by high FSC-A value (70-250 K), and could be gated
distinctly from the irradiated PBMC, which consistently had relatively small size, confirmed
through a supplementary experiment from 6 irradiated PBMC controls (Data available on
request). Based on gated blasting lymphocytes, except the 3 clones from cattle #5 that
showed a relatively small (60-80%) CD3+ fraction, on average more than (>) 90 % of the
cells in the expanding clones demonstrated CD3+ phenotype, meaning that responding cells
were mostly T cells (Table 4.1). When these CD3+ fraction was further analyzed, on average
(> 90%) of the CD3+ T cells were found positive for CD4 expression (Figure 4.3C), and

negative for CD8a and yd expression. For some unknown reason, a small fraction (on average
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5 %) of CD4+ T cells co-expressed yd. Of note, the small non-CD4 fraction detected in 2

CD4+ single T cell clones from cattle #2 could be residual T cells from irradiated PBMCs,

which will eventually die due to effects of irradiation [522]. Overall, OO antigen responsive

lymphoblasts were dominantly CD3+CD4+ T cells.

Table 4.1: Phenotypic analysis of single cell colony responding to OO antigens

Cattle ID CD3+ % in | CD4+ & | CD4+ 8 +% | v+ CD4- % | I'5- CD4- %
P1-D7(12" 99.3 94.2 5.74 0 0.03
#1 P1-H7(12" 99.4 97.1 2.81 0 0.09
P1-D3 (8" round) | 95.8 91.4 7.67 0 0.93
P2-C5(10" 92.55 58.6 6.22 0 35.18
P2-E11(8™" 94.85 89.5 9.33 0 1.17
" P2-F3(10t 92.15 91.8 7.43 0 0.77
p2-C8(10" 94.65 94.2 5.29 0 0.51
P3-C2(10" 94.35 92.9 6.17 0 0.93
P3-B4 91.9 89.9 8.58 0 1.52
P3-C5 (8" round) | 95.05 80.7 5.84 0 13.46
#3 P3-C9 (8" round) | 98.2 97 2.94 0 0.06
P2-E3 (8" round) | 94.2 95.1 4.25 0.30 0.35
#4 E4 (12" round) 98.5 97.3 2.22 0.26 0.22
#5 P3-C11(7" 79.6 99 0.74 0 0.26
P1-E10(7t" 79.5 95 1.54 3.08 0.38
P2-B11(7™ 60 98.3 1.15 0 0.55
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4.4.4 OO- specific CD4+ T cells demonstrate IFNy dominant profile with or

without ThO

Previously, anti-pathogenic CD4+ single T cell clones were developed from PBMCs that
responded to unfractionated antigens from Fasciola hepatica homogenate or soluble antigens
from Babesia species [498, 506]. In line with these results, antigen-specific CD4+ single T
cell clones were induced by propagating an individual antigen-specific CD4+ T cell clone in
the presence of antigen presenting cells (APCs) and OO antigens, derived by homogenate
prepared from adult worm picked up from the abomasum of infected cattle. To evaluate
intracellular IFNy and IL4 protein detection in these CD4+ single T cell clones, harvested
cells were washed with complete allos medium, and were stimulated with activation cocktail
for 4 hours before being examined for their IFNy and L4 expression profile [3]. Also, more
than a million cells were sorted out from the clones expanded vigorously, and gPCR was
performed to evaluate the transcriptional regulation of hallmark cytokines and their
corresponding master regulators, Thet and GATA3. Pathogen-specific CD4+ T cell clones
demonstrated variable IFNy and IL4 expressing profile in the past [506]. However, all the
21 OO specific CD4+ single T cell clones exhibited significantly high frequency of IFNy
producing cells, irrespective of their source (infected cattle), and rounds of clonal expansion
(Figure 3.4B, Table 4.2). Notably, only 5 out of 21 (28%) CD4+ single T cell clones were
co-expressing IL4 and IFNy, with almost non-existing typically IL4+ IFNy- cells in any of
them. Of note, the data from these 5 clones reflected our previous findings that IL4 protein
expression is mostly limited to the hybrid ThO cells in beef cattle [523]. Just like what we
observed in the pathogen infected lymphoid tissues and in vitro differentiated Th2 cells, ThO

cells in these 5 CD4+ single T cell clones occupied on average a small (~ 10%) subset of

97



Ao
=
150K = m5
[+1] Q2 for [+~
CD4+GD- .. ;-
8 m‘ 993
<
B Y
g H G
& DJ_
i T
P o
|n3'
a0 o ] 1ot 'm5 o4 03 fos
FSC-A Como-FITC-A :: CD4
IFNy
B c
Fkokk @ IFNy+only 0.6
o | I o
| L4+ only o
4 ok ¥k
100 i &
— A IFNy+ L4+ (ThO) 2
2 [ o i
S 80 0.4
5 ° p
[ d ° -
3 60- L4 >
: s
o 8,
3 4o . s 0.2
o
c : .o A L,
£ 20 .o.: . 5 8
B rl
oL__See 0.0 -
S » S IFN, T-bet IL4 GATA3
&‘0 ‘O h,‘é
& o4 Ry
&
N

100

©
E=]
1

o
=3
1

Y
o
1

»
(=)
1

IFNy+ IL4 - % in gated CD4+ T cells
o
L

°¢°5 \NQ'EQ:QhO'L‘)o‘bOQ&@b@'b PP
AN Q’”Q'»Q’Q"Q"' CEEEE Y QQ’Q”'»Q».. &@Qn,

CD4+ Single T cell clones

Figure 4.4: OO-specific bovine CD4+ single T cell clones demonstrated IFNy dominant response
with or without ThO mixture. *Panel A: Gating strategies for IFNy and/or IL4 producing CD4+ T
cells in the OO responding clones. Single cell suspension of lymphoid tissue were stimulated with the
activation cocktail for 4 hours before intracellular staining for IFNy and IL4, plus surface staining with
antibodies to identify CD4+ T cells [3]. Gating was performed based on isotype staining. Panel B:
Comparison between IFNy and/or IL4 producing cells in the CD4+ single T cell clones; Q1: IL4+
IFNy -, Q2: IL4+ IFNy+ (Th0), Q3: IFNy+ IL4-, Panel C: Regulation of Th1/Th2 associated master
transcription factors (Tbet, GATA3) and hallmark cytokines (IFNy, IL4) defined in mice and humans.
Quantitative polymerase chain reaction was carried out. Panel D: Comparison between IFNy+ %
among CD4+single T cell clones. Data were analyzed by one-way ANOVA with Tukey’s Multiple
Comparisons Test. Asterisks indicate statistical significance **** P < 0.0001., and *** P < 0.0002.
NS: not significant.




IFNy producing cells. Overall, 16 clones demonstrated dominant IFNy production, and 5
CD4+ single T cell clones exhibited IFNy dominated ThO profile, which confirmed the
central argument that bovine CD4+ T cells are intrinsically biased towards IFNy dominated

ThO profile (Manuscript under review).

Interestingly, we noticed that the frequency of IFNy+ cells was not consistent among
the clones as shown in Figure 3.4D. In line with results from Babesia bovis specific CD4+
single T cell clones [25, 506], we saw that the clones which were highly responsive to weekly
re-stimulations had higher % of IFNy than those which were relatively less responsive. For
instance, more than more than 80% the cells in the vigorously expanding CD4+ single T cell
clones (Eg: D7, H7 & E4) were highly producing IFNy, which was detected in considerably
less frequency in the rest of the clones that were responding slowly to the weekly stimulation
(Table 3.2). Results indicated that the clones demonstrated variable proportion of IFNy

inducing cells, revealing differential responses shown by the CD4+ single T cell clones.

Extracellular parasite derived antigen or allergen would typically induce IL4 producing
CD4+ T cells in mice [369]. For instance, in the pathogen-specific CD4+ T cell clones, a
small fraction of clones that were IL4 mRNA positive were strictly negative for IFNy
transcript/protein expression [25]. Nevertheless, none of the OO responding CD4+ single T
cell clones displayed typically IL4 dominant phenotype, when intracellular protein
expression was evaluated. In fact, 5 clones where IL4 was detected, its expression was highly
associated with IFNy producing cells. Consistent with lack of high IL4 mRNA/expression
detection in our in vitro differentiated bovine Th2 cells, typical 1L4 expressing Th2 cells was

not seen in OO-specific CD4+ single T cell clones, which validates the results from OO
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infected bovine tissues as well. While the previous research suggested inconsistency between
IL4 mRNA expression and protein detection in the supernatant, transcriptional regulation of
IFNy and IL4 in the rapidly growing OO specific CD4+ single T cell clones were highly
consistent with their intracellular protein detection data. The investigation on the
transcriptional regulation of key cytokines, including IFNy and IL4, and their putative master
regulators, Thet and GATAS, were carried out in two vigorously growing CD4+ single T cell
clones. Relative to the housekeeping gene GAPDH, the regulation of IFNy was found
significantly upregulated, while that of IL4 remained minimal, which was further supported
by highly reduced transcriptional activity of IL4 master regulator: GATAS3. These gPCR
results validated the flow cytometry-based data and provided transcriptional basis for

induction of IFNy dominated ThO response in OO specific bovine CD4+ single T cell clones.

Table 4.2: Intracellular IFNy and/or IL4 detection in OO antigens specific bovine CD4+ T cell clones

Cattle # | Clone ID IFNy+ | IL4+only | IFNy+ IL4+ (Tho) IFNy- IL4-
P1-D7 (12" round) 85.2 0 7.40 14.8

#1 P1-H7 (12" round) 84.2 0 12.6 15.8
P1-D3 (8™ round) 29.6 0 0.095 70.4
P2-C5 (10" round) 40 0.1 0.05 59.9
P2-E11 (8™ round) 12.4 0.13 0.032 87.4
P2-F3 (10" round) 18.9 0.14 1.7 79.4
P2-C8 (10" round) 21.7 0 0 78.3
P3-B4 16.5 0.22 0.26 83.02
P3-C2 (10" round) 22.2 0.18 0.054 77.566
P3-C5 (8" round) 21.6 0.075 0.056 78.269

#2 P3-C6 10.5 0.31 0 89.19

100



E4 (12" round) 7613 |0 13.8 10.07
B5 (12 round) 404 | 288 13.8 42.92
#4 E8 (12" round) 31.8 | 9.25 18.0 40.95
P1-E3 (12" round) 56 2.46 10 4154
P1-E10 (7% round) 276 |0 0 73
P2 — E3 (7" round) 740 |0 0 92.6
#5 P2-B11 (7" round) 187 |0 0 813
P3-C11(7™ round) 315 0 0.51 68.5
P3-E10 (7™ round) 8.19 0.55 0 91.81
P3-F9 (7" round) 4.20 0 0 95.8

4.5 Discussion:

Grass-fed cattle, confirmed with OO infection, were used as a source for generating OO-
specific CD4+ single T cell clones. From 5 pathogen infected cattle, 21 CD4+ single T cell
clones were established, which were analyzed for mRNA/protein expression of IFNy and
IL4, in addition to transcriptional regulation of their master regulators Thet and GATAS3.
Contrasting the classical notion that extracellular parasite derived antigens highly induce
typical IL4 driven responses, none of the OO-specific CD4+ single T cell clones
demonstrated L4+ IFNy- profile; while 16 clones dominantly produced IFNy with no 1L4
expression at all, 5 CD4+ single T cell clones exhibited IL4 co-expression in a small fraction
(average ~ 10.86 %) of double positive cells, traditionally designated as bovine ThO cells. In
line with data from blood and lymphoid tissues of pathogen-infected cattle, and in vitro
differentiated bovine Th2 cells, analysis of OO-specific CD4+ single T cell clones supported
that bovine CD4+ T cell differentiation is intrinsically skewed towards I[FNy dominant ThO

profile, at least in the Wye Angus beef cattle.
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Phenotyping confirmed that significant number of blasting lymphocytes were CD3+
CD4+ CD8- yo- T cells. Almost the whole panel of OO-specific CD4+ single T cell clones
did not express CD8a (Appendix Figure C.1), however a small fraction of yd stained
population that was not statistically significant, was also detected, which was in line with
results from Babesis bovis specific CD4+ single T cell clones, where yd expressing cells were
noticed at the later stages of re-stimulation similarly [506]. Of note, in 2 clones, CD4- cells
were detected, which we think is coming from the resistant cells present in the irradiated
PBMC:s. In line with published data [524], although our supplementary experiments strongly
suggest that PBMCs irradiated at 30 Gy x-ray radiation do not demonstrate ability to
proliferate but still retain the ability to function as the antigen presenting cells [506, 508],
nonetheless, it is highly possible that some of these irradiated cells might had resistant
phenotype [522]. Despite that noise signals were detected under few cases, blasting clones
were significantly identified as CD3+ CD4+ CD8- v5- T cells.

Our experiment suggest that the classical Th1/Th2 paradigm defined in mice and

humans may not be applicable in cattle [144, 145, 506, 508]. Unlike in murine and human

systems, where exposure to proteins from extracellular parasites like Nippostrongylus
brasiliensis typically induces the development of IL4-expressing Th2 cells that excludes
IFNy expression [375, 424], antigens from OO worm extract favored dominant production
of IFNy, and their ability to induce IL4 protein was consistently low and limited to the hybrid
phenotype, further corroborated by the lack of transcriptional regulation of 1L4 along with
significantly upregulated transcription of /FNy gene. Results confirm our in vitro generated
data that bovine CD4+ T cell differentiation seems naturally skewed towards IFNy dominant

ThO profile [342]. These results are further supported by the controversial findings in the
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field which revealed lack of association between IL4 mRNA detection and protective
immunity against OO infection in cattle [221, 225, 342]. Multiple lines of evidence suggest
that whether classical Th1/Th2 paradigm popular in mice and humans is translatable in cattle
is highly controversial.

While Babesia bovis- and Fasciola hepatica-specific bovine CD4+ single T cell clones
that suggested a high (60 -90 %) prevalence of hybrid ThO clones [25, 498, 506], only 5 out
of the 21 CD4+ single T cell clones demonstrated IFNy and IL4 co-producing hybrid ThO
phenotype in our experiments. The analysis on the previous experiments were largely based
on mRNA data, which has been contradicted by protein level evaluation of IFNy and 1L4 in
the OO-specific CD4+ single T cell clones. We consistently saw that ThO cells only occupy
a small subset (7-18%) of dominantly IFNy producing cells. While our results agree with
Brown et al (1998) that bovine CD4+ T cell differentiation partially differs from those in
mice and humans, results from our different experiments convergently support that the
frequency of bovine ThO cells is comparatively lower than what has been previously
assumed.

Previously, in a fraction of anti-parasitic CD4+ single T cell clones, IL4 mRNA
expression was not found consistent with supernatant protein detection [25, 498, 506]. A few
Fasciola hepatica-specific CD4+ single T cell clones generated in the past experiments
induced high levels of IL4 mRNA but exhibited low IL4 protein (0-2 U) detection in the
supernatant. Also, few other clones demonstrated low IL4 mRNA profile despite secreting
relatively high IL4 protein in the supernatant (20 U). In the OO-specific CD4+ single T cell
clones, intracellular protein detection data was consistent with L4 transcript expression, and

was further supported by reduced mRNA induction of its master regulator GATA3. We
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maintain that transcriptional regulation of 1L4 was consistent with intracellular detection of
IL4 protein, which is supported by data from our clean in vitro system and blood and
lymphoid tissue profile derived from naturally OO infected cattle.

The proportion of ThO clones in this CD4+ single T cell cloning experiment parallels
with that seen in the analysis of memory CD4+ T cell responses in the grass-fed cattle
(Chapter 3, Fig 3.1). Although individual variations among the cattle were observed in both
experiments, in account of statistical average, proportion of ThO in total IFNy producing cells
calculated from OO-specific CD4+ single T cell cloning experiment (23 %) agrees with that
detected in the memory bovine CD4+ T cell profile detected in the blood of grass-fed cattle
(20%).

Technically, antigen-specific T cell cloning seems to be dependent on many factors.
Lack of OO protein extract or MHC-matched irradiated PBMCs in the medium would not
support development of proliferating colony. Also, the CD4+ single T cell clones were highly
sensitive to the number of cultured irradiated PBMCs and presence of growth factors such
as rhlL2, which was in line with observations from the past research [504]. Additionally, we
noticed that the T cell growth factors present in the supernatant of the highly growing CD4+
single T cell clones such as D7 and H7 could temporarily mitigate delayed responsiveness
of slowly expanding clones, indicating important role of the soluble factors in boosting
bystander immune response. In short, density and source of irradiated PBMCs and
concentration of growth factors majorly dictated successful propagation of the CD4+ single
T cell clones.

The single cell cloning efficiency was less than 3%. Out of the 288 wells (~ 3 * 96 well

plates) seeded with an individual antigen specific CD4+ T cell, only a small fraction of wells
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was screened positive for detection of proliferating CD4+ single T cell clones, of which most
of the clones could not be successfully transferred into the 24 well plates. In depth analysis
suggested that the cloning efficiency (< 3%) of our experiment was significantly lower than
those detected in the prior research (at least < 16 %,) [505, 508], which is most likely due to
differences in the experimental approaches. While the previous research experimentally
challenged cattle with high dose of antigens and then controlled the infection using
anthelmintic drugs before performing ex vivo T cell cloning [505, 508], we selected
naturally and chronically OO exposed cattle as our experimental models. We think that the
discrepancy in the cloning efficiency is most likely related to the difference in the

experimental animals.
4.6 Conclusion:

In contrast to the traditional understanding, our investigation revealed that the clonally
expanding OO-specific CD4+ single T cell clones were not typically producing I1L4, rather
were dominant IFNy-producing, with a small fraction (~ 10%) of bovine ThO cells. In line
with results from the in vitro Th2 differentiation studies and pathogen-infected tissues,
examination of these clones suggested that bovine CD4+ T cells are intrinsically skewed
towards IFNy dominant ThO response, and bovine Th2 induction may not be associated with
IL4 mRNA/protein expression, at least in the Wye Angus beef herd. Of note, IL4 expression

was limited to the hybrid ThO cells in cattle.

105



Chapter 5: Objectives, conclusion and future studies

5.1: Objectives

Helper CD4+ T cells play crucial role in mounting cell-mediated as well as humoral immune
responses against the pathogen infection [4, 5]. Among the different subtypes of helper CD4+
T cells, Th2 phenotype is crucial for defending infection caused by large parasites including
gastrointestinal nematodes [10-12, 17]. Therefore, examining how helper CD4+ T cells
differentiate into bovine Th2 phenotype is critical for understanding how to induce effective
immunity against extracellular pathogens that causes huge economic losses in the cattle
industry worldwide [523]. Nevertheless, a huge knowledge gap was detected in the
phenotype and differentiation process of bovine Th2 cells [523], which we think was partly
limiting the ability to design better vaccines against bovine extracellular parasites. Therefore,

we studied differentiation and regulation of bovine Th2 cells in this dissertation project.
5.2: Conclusion
5.2.1: IL4 expression was not signature feature of bovine Th2 cells

The Wye Angus pasture harbors infective 111 staged larvae of Ostertagia ostertagi (OO), so
grass-fed cattle are frequently exposed to the antigens from these parasites [520], but grain-
fed cattle that are reared in the feedlot-based diets lack routine exposure to these
environmental pathogens. Therefore, cattle naturally infected with OO under the farm setting
were used as a model, whose memory T cell profile in the blood and lymphoid tissues were
carefully analyzed (Chapter 2, 3). In the naturally OO infected bovine tissues, including
blood, draining lymph nodes and spleen, we noticed that IL4 expression was limited, and the

majority of CD4+ T cells were dominantly producing IFNy, which contradicted the
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traditional notion, which suggest that increased exposure to extracellular pathogen would
increase typical IL4 expressing memory Th2 cells. Therefore, we decided to examine these
results under simple in vitro system, which had been a proven system in murine and human
models. The resting CD4+ T cells isolated from the blood of the grass-fed cattle were
polarized under either Th1l- or Th2- differentiation conditions (Chapter 3), whose results
supported the observations from pathogen-exposed tissues. Results highlighted that bovine
CD4+ T cells differentiate into IFNy dominant profile along with a small frequency of hybrid
(ThO) phenotype irrespective of the differentiation conditions. We then questioned whether
these low IL4- producing cells were actually Th2 by performing unbiased proteomic assay.
Evaluation validated bovine Th2 differentiation, which was largely consistent with murine
and human species, nevertheless, the process was found to be weakly associated with 1L4
induction. We adopted a couple of strategies from murine and human research and attempted
to enhance IL4 expression in these differentiated cells. Nonetheless, none of the attempts
were successful, and IFNy dominant ThO profile was consistently noticed. For the final
evaluation, we generated and then examined pathogen-specific CD4+ single T cell clones
that specifically responded to OO antigens for several rounds of stimulation (Chapter 4):
the resulting single cell clones (21) dominantly induced IFNy, and a small fraction of them
(5 out of 21) demonstrated IFNy dominant ThO profile. Overall, the project revealed that
bovine Th2 differentiation is partially different from those in mice and humans, and even the
anti-pathogenic Th2 phenotype that specifically responded to OO antigens heavily produced
IFNy. In contrast to the traditionally assumed notion, we found that bovine CD4+ T cells
were consistently programmed into IFNy dominant ThO profile. Plus, although IL4 was

induced as one of the cytokines produced by Th2 cells, and it could provide upstream
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signaling for bovine Th2 differentiation, it was not expressed as hallmark bovine Th2

cytokine.

5.2.2: Differentiated bovine CD4+ T cells induced a small fraction of hybrid ThO

cells

Different from the previously published reports in cattle, we support that the frequency of
hybrid ThO cells that co-express IFNy and IL4 protein is relatively low. While our data aligns
with the findings from Brown et al. (1998), which speculated that bovine CD4+ T cell
differentiation could be partially distinct from those in mice and humans, the frequency of
hybrid ThO cells induced in our experiments were consistently low (~ 10 %) compared to
those in their experiments (60 - 90 %) [25]. Of note, we choose naturally infected farm
animals as the model to perform experiments whereas the previous studies used
experimentally challenged cattle, whose infection was later suppressed using
pharmacological drugs [25]. Also, we quantified intracellular detection of IFNy and IL4
proteins in addition to the mRNA expression, and tested the hypothesis under clean in vitro
condition in addition to performing OO-specific CD4+ single T cell cloning. Experimental
infection with OO parasite have resulted inconsistent results and therefore difficulty in
interpreting data has been noticed [221, 225], so the profile reflected by the naturally infected
cattle might provide precise information in this context. In line with controversial data that
suggested lack of association between 1L4 expression and reduced parasitic worm burden in
0O vaccinated cattle [26, 224, 525], our results points out that IL4 may not be the signature
molecule of differentiated bovine Th2 cells. Importantly, a small subset of differentiated
bovine CD4+ T cells co-produced IFNy and IL4, which has been designated as hybrid bovine

ThoO cells.
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5.2.3: Bovine immune system offers distinct species-specific differences

The bovine immunology field has observed several differences compared to murine and
human counterparts [352, 523]. The high percentage of yd T cells in cattle [27], simultaneous
enhancement of Th1l- and Th2- associated factors in tissues and body fluids collected from
infected cattle [523], and slightly different composition of bovine intra-epithelial T
lymphocytes are few evidences in this context [526]. Adding unto these observations, the
results from the Chapter 2 reveals that expression of CD45R0O and exclusion of CD45RA
is not strongly associated with memory T cell detection in cattle, which is different from the
trend suggested in murine and human model [342, 396]. Chapter 3 and Chapter 4 further
reveals that bovine CD4+ T cell differentiation slightly differs from those in the mice and
humans, and 1L4, which is considered as signature Th2 protein in mice and humans, was
limitedly expressed by bovine Th2 cells. Given the anatomical and physiological differences
of ruminants, and their constant exposure to a wide variety of microorganisms, evolutionary
pressure might have favored divergent development of their adaptive immune system. In
domestic animals such as pigs, immunophenotyping have revealed distinct phenotypes, and
IL4 expression was not found associated with typical Th2 responses [463]. So, increasing
numbers of evidence have pointed that during the course of evolution the immune system of
domestic animals could have been shaped distinctly from the murine and human

counterparts.
5.3: Limitations and future directions

Our results provide several insights on bovine Th2 differentiation, guiding future studies in
the field. For instance, we found that the co-expression of Thet and GATAS3 master regulators

were relatively common in bovine species, which was somewhat associated with IFNy
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dominant ThO profile. Recent pieces of evidence from murine and human data suggest that
when these molecules are co-expressed, Thet activity dominates over GATA3. Specifically,
Thet DNA binding protein can bind to that of GATAS, thus facilitating re-distribution of
GATAS3 away from the IL4 binding sites [433, 502]. Therefore, future research is warranted
to pinpoint if these mechanisms are similarly involved in uniquely regulated bovine CD4+ T
cell differentiation process. Additionally, while we noticed that GATAS3 was not predicted
to be activated in the bovine Th2 proteome, GATA4 and STATS5, which has been associated
with transcriptional programming of Th2 differentiation were activated. Due to lack of knock
out models, we could not test these questions in this project. Nevertheless, we believe that
advancing technology might allow studying these mechanisms using alternative ways in the
near future.

As an important aspect of the study, we also examined whether OO antigens could
impact bovine Th2 differentiation. We noticed that bovine Th2 differentiation was sensitive
to the presence of OO antigens as evidenced by increased proliferation of differentiated cells,
and potential downregulation of key immunological signaling pathways. Specifically, we
found that presence of OO antigens was contributing to the downregulation of signaling via
CD3, CD28, IL4, NF-KB and those via TLRs/MYD88 pathways, based on differential
expression of 83 proteins between Th2 control and Th2+OO group. Expanding on these
findings, we found that naive bovine CD4+ T cells express TLRs (1-10). Nevertheless, If
0O could actually downregulate signaling via TLRs/MYDB88 signaling during the T cell
activation is a subject of future exploration.

The dissertation project has provided crucial insights in the differentiation of bovine

Th2 cells in the beef cattle. Nevertheless, we speculate that the profile might be different in
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the dairy cattle, and other genetically distant breeds [352]. As dairy cattle physiology is
driven by changes in hormonal conditions [527], their CD4+ T cell profile could be
influenced by these factors, so the field must attempt to discover nuances across these breeds.
Additionally, although the Wye Angus breed that we used for studying bovine Th2
differentiation are genetically closely related cattle, so are a good model for conducting
experiment, cross-bred cattle developed from breeding of genetically distant cattle might
exhibit breed-specific differences. So, although the project has generated several important
information, and has laid a foundation in studying bovine CD4+ T cell differentiation, the
research is bound by some limitations. We recommend further research extending to dairy
and other breeds of cattle to generate comprehensive understanding of CD4+ T cell

differentiation in the bovine species.
5.4: Significance and contribution to the bovine immunology field:

Overall, the research project has reported several pieces of cattle-specific information
regarding differentiation and regulation of bovine Th2 cells, laying a strong foundation for
future studies in this direction. Previously, Xiao lab published a manuscript demonstrating
that bovine CD4+ T cells can be activated by three upstream signals, mirroring processes
observed in mice and humans [44]. Plus, neutrophil could synergize with 1L12 that acts as
third signal to enhance the activation process [44]. Building on this work, we studied the
process of bovine CD4+ T cell differentiation under Th1l- and Th2- polarizing conditions,
uncovering cattle species-specific information that counteracted classical paradigm adopted
from murine and human data. Plus, OO-specific CD4+ single T cell clones generated in this
research will serve as a crucial platform for screening the effective OO immunogens,

facilitating development of more effective vaccine against this pathogen in the future.
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Appendix A: Appendices for chapter 2

Figure A.1: CD45RO0 is not expressed by lymphocytes in some cattle
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Figure A.1. CD45RO0 is not expressed by lymphocytes in some cattle. Lymphocytes were gated in PBMCs,
and examined for expression of CD45R0 and CD45RA. (A) Representative dot plots of samples and CD45RA
or CD45R0 isotype controls in lymphocytes. (A). (B) Comparison of CD45R0O (RO+) and CD45RA (RA+)
expression in lymphocytes from Grain-fed (GN) and Grass-fed (GS) cattle. Data were the same as in Fig.1, and
reanalyzed by one-way ANOVA with Tukey’s Multiple Comparisons Test. Asterisks indicate statistical
significance. *P <0.05; **P <0.01; ***P <0.001. NS: not significant.
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Figure A.2: CD45R0O and CD45RA are expressed differentially in T cell subtypes
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Figure A.2. CD45RO and CD45RA are expressed differentially in T cell subtypes. Lymphocytes were gated
in PBMC, and examined for the expression of CD45R0 and CD45RA. (A) Representative dot plots of samples
and CD45RA or CD45RO isotype controls in CD4+, CD8 and y3 T cells in both CD45-expressing and CD45R0O
null cattle (A). B) Comparison of CD45R0O and CD45RA expression in CD4+ and CD8+ T cells from Grain-
fed (GN) and Grass-fed (GS) cattle. Data were the same as in Fig.1, and reanalyzed by one-way ANOVA with
Tukey’s Multiple Comparisons Test. Asterisks indicate statistical significance. *P <0.05; **P<0.01;
***P < (0.001. NS: not significant.
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Figure A.3: Activation status varies between CD45R0O+ and CD45RA+ sub-populations in
CDA4+, but not in CD8+ T cells
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Figure A.3 Activation status varies between CD45RO+ and CD45RA+ sub-populations in CD4+, but not in
CD8+ T cells. Lymphocytes were gated on CD4+ or CD8+ T cells in PBMCs, and examined for the
expression of CD25 and CD62L in either RO+ or RA+ subpopulations. (A-B) Representative dot plots of
samples and isotypes for CD25 (A) or CD62L (B) in RA+ or RO+ gated on CD4+ T cells

Figure A.4: Expression of IFNy and IL-4 is not associated with CD45R0O in CD4+ T cells
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Figure A.4: Expression of IFNy and IL-4 is not associated with CD45R0O in CD4+ T cells. Purified PBMCs
were stimulated with activation cocktail for 4 hours before intracellular staining for IFNy and IL4, plus
surface staining with antibodies to identify CD4 T cells, and their expression of CD45R0O and CD45RA.
(A) Comparison of IFNy+ and IL4+ in CD4+ T cells from Grain-fed (GN) and Grass-fed (GS) cattle. (B)
Comparison of CD45RO+ or CD45RA+ in IFNy+ or IL4+ CD4+ T cells from GN and GS cattle. Data
were the same as in Fig.4, and reanalyzed by one-way ANOVA with Tukey’s Multiple Comparisons Test.
Asterisks indicate statistical significance. *P <0.05; **P <0.01; ***P <0.001. NS: not significant.
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Figure A.5: Expression of IFNy is not associated with CD45R0O in CD8+ T cells
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Figure A.5: Expression of IFNy is not associated with CD45RO in CD8+ T cells. The same samples and
treatment were applied as in Figure 4, but the analysis was gated on CD8+ T cells. (A) Representative dot plots
of samples and isotypes for IFNy and IL4 in CD8+ T cells. (A) Representative dot plots of samples and isotypes
for IFNy and IL4 in CD45RA+ or CD45RO+ CD8+ T cells. (B) Representative dot plots of samples and
isotypes for IFNy and CD45RA or CD45R0 expressions on gated CD8+ T cells.
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Figure A.6: Expression of IFNy and IL4 is not associated with CD45R0O in GD T cells
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Figure A.6: Expression of IFNy and IL4 is not associated with CD45R0O in GD T cells. PBMCs were isolated
from 12 cattle, which were tested for expression of CD45R0O, CD62L, IFNy and IL4 in a way similar to that in
figures 4. (A) Representative dot plots of samples and isotypes for IFNy and IL4 in yd T cells. (B)
Representative dot plots of samples and isotypes for IFNy and CD25 in yé T cells. (C) Representative dot plots
of samples and isotypes for CD25 and IL4 in y8 T cells.
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Appendix B: Appendices for Chapter 3

Figure B.1: Network analysis based on the predicted activation and inhibition states of the
upstream regulators identified in the Thl versus naive group

Figure B.1: Network analysis based on the predicted activation and inhibition states of the upstream regulators
identified in the Thl versus naive group. The differentially expressed proteins were analyzed in Ingenuity
Pathway Analysis software. Activation of upstream signaling though IL2, 1L15, CD40LG, TBX2 and FOXM1,
and inhibition of those via IL22 and CTLA4 was predicted. While statistical relationship between upstream
regulator and molecular targets were calculated by the Fisher’s exact test with significance (P <0.05), activation
(orange color) and inhibition (blue color) states were determined based on their positive or negative z-score
values (cut off score = 2). Z score is the number of standard deviations between the obtained value and the
average mean of the dataset.

117



Table B.1: Predicted activation or inhibition states of key signaling molecules obtained from the upstream

analysis in the Th2 versus naive group.

Table B.2 (Th2 vs naive): Predicted activation or inhibition states of key signaling molecules obtained
from the upstream analysis in the Th2 versus naive group. While the activation and inhibition states were
predicted based on positive or negative z-score values (cut off value = 2), the statistical relationship
between upstream regulator and molecular targets in the dataset was calculated by the Fisher’s exact test
with significance (P <0.05). Z score is the number of standard deviations between the obtained value
and the average mean of the dataset. The list of the protein has been attached to a separate pdf file.

Upstream Molecular Predicted Activation P-value  of | Number of
regulator Type Activation Z score overlap targeted
state molecules in
Dataset
CD3 complex Activated 2.652 1.60E-14 41
CD28 Transmembra | Activated 3.153 9.58E-15 31

ne receptor

IL1 cytokine Activated 2.299 4.44E-05 17
IL2 cytokine Activated 2.715 1.02E-07 30
IL4 cytokine Activated 2.678 2.35E-14 56
IL7 cytokine Activated 2.012 2.11E-05 11
IL33 cytokine Activated 2.559 5.85E-05 17
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Table B.2: Predicted activation or inhibition states of major upstream molecules differentially expressed in the

Th1 versus naive group (Thl vs naive)

Table B.2: Predicted activation or inhibition states of major upstream molecules differentially expressed in the
Th1 versus naive group (Thl vs naive). While the activation and inhibition states were predicted based on
positive or negative z-score values (cut off value = 2), the statistical relationship between upstream regulator
and molecular targets in the dataset was calculated by the Fisher’s exact test with significance (P <0.05). Z
score is the number of standard deviations between the obtained value and the average mean of the dataset. The
list of protein has been attached in a separate pdf file.

Upstream Molecular Predicted Activation P-value  of | Number of
regulator Type Activation Z score overlap targeted
state molecules in
Dataset
IL2 cytokine Activated 2.302 4.03E-03 19
IL15 cytokine Activated 2.023 5.63E-05 19
IL4 cytokine - 1.526 6.25E-07 40
TBX2 Transcription | Activated 2.499 9.78E-04 6
regulator
FOXM1 Transcription | Activated 2.470 2.30E-06 12
regulator
CD40LG Surface Activated 2.226 1.84E-02 12
molecule
IL-22 cytokine inhibited -2.380 1.79E-02 6
CTLA-4 Transmembra | inhibited -2.111 6.32E-04 6
ne receptor
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Table B.3: Fold changes in the expression of molecular targets in the presence of IL4

Table B.3: Fold changes in the expression of molecular targets in the presence of IL4. Upstream analysis of
rbIL4+Th2 versus Th2 group reveals involvement of IL4 in the regulation of molecules, whose statistical
relationship (P < 0.05) was calculated by the Fisher’s exact test. Positive and negative expression fold change

values respectively indicate upregulation (T) and downregulation (4) of the molecules.

Comparison with
Genes in dataset | Expr Fold Change Literature References
POSTN 2.085 (1) Consistent [528-530]
ITGB1 1.505 (1) Consistent [531-534]
CTLA4 24 Consistent [535-541],
PRF1 2.014 ({) Consistent [542
CCL5 -8.112 (1) Consistent [543-546
IL2RA -1.905 () Inconsistent [464, 465, 547]
JUNB -1.591(1) Inconsistent [466, 467]
GZMA 2{) Inconsistent [548]

[464, 468-471, 549,

CcD83 -2.028 ({) Inconsistent 550]
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Table B.4: Predicted activation states of major cytokines differentially expressed in the rblL4+Th2

versus Th2 group.

Table B.4: Predicted activation states of major cytokines differentially expressed in the rbIL4+Th2 versus Th2
group. While the activation and inhibition states were predicted based on positive or negative z-score values
(cut off value = 2), the statistical relationship between upstream regulator and molecular targets in the dataset
was calculated by the Fisher’s exact test with significance (P <0.05). Z score is the number of standard
deviations between the obtained value and the average mean of the dataset.

Th1 versus naive Th2 versus naive
Upstream | Predicted | Z P Targeted | Predicted z P Targeted
regulator | activation | score | value molecule | activation state | score | value molecule
GATA3 - - - - - - 5.68E- | 10
0.237 | 03
FOXP3 - - 6.29E- | 8 - - 1.80E- | 15
02 0.608 | 07
RUNX1 - - 158E- | 9 - - 6.44E- | 17
02 0.961 | 07
STAT-1 - - - - - - 6.19E- | 19
0.760 | 06
STAT-3 - - 5.07E- | 26 - 0.962 | 5.83E- | 34
0.144 | 06 10
STAT-4 - - 2.05E- | 8 - - 1.26E- | 14
0.097 | 02 1.088 | 05
STAT- - 2449 | 293E- | 7 Activated 2.183 | 3.21E- | 17
5A 03 06
STAT-6 | - 1.402 | 6.87E- | 17 Activated 2.087 | 6.30E- | 6
04 03
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Table B.5: List of proteins regulated by bovine I1L4

Table B.5: List of proteins regulated by bovine 1L4.While the activation and inhibition states were predicted
based on positive or negative z-score values (cut off value = 2), the statistical relationship between upstream
regulator and molecular targets in the dataset was calculated by the Fisher’s exact test with significance (P
<0.05). Z score is the number of standard deviations between the obtained value and the average mean of the
dataset.

Upstream Molecule type Activation z score | Activation P-value of overlap
IL2 cytokine -1.851 - 7.19E-04
IL12A cytokine - - 3.35E-02
IL4 cytokine 0.219 - 3.01E-05

Table B.6: Predicted inhibition states of molecules obtained from the upstream analysis of Th2+OO versus

Th2 group.

Table B.6: Predicted inhibition states of molecules obtained from the upstream analysis of Th2+OO versus
Th2 group. While the inhibition state was indicated due to the negative z-score values (cut off value = 2), the
statistical relationship between upstream regulator and molecular targets were calculated by the Fisher’s exact
test with significance (P <0.05). Z score is the number of standard deviations between the obtained value and
the average mean of the dataset. List of proteins has been

Upstream Predicted Z score P wvalue of | Target molecule
regulator a_ctivation/inhibi overlap in dataset
tion
CD3 inhibited -3.247 6.42E-08 13
CD28 inhibited -2.579 1.11E-04 7
CD40 inhibited -2.598 8.43E-11 11
IL2 inhibited -2.370 8.05E-11 16
IL7 inhibited -2.194 9.34E-05 5
IL15 inhibited -2.156 1.23E-07 11
NFKB1 inhibited -2.415 3.39E-06 8
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Appendix C: Appendices for Chapter 4

Figure C.1: CD4 versus CD8 expression in the gated lymphoblast in five CD4+ single T
cell clones from 5 different cattle
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Figure C.1: CD4 versus CD8 expression in the gated lymphoblast in five CD4+ single T cell clones from 5
different cattle. When contrasted with the isotype control, CD4+ single T cell clones from all the cattle were
found positive for CD4 expression but strictly negative for the CD8 expression.
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