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Bovine natural killer (bNK) cells are heterogeneous cell populations defined by constitutive expression of the
natural cytotoxicity receptor, NKp46 (CD335). Two major subsets of bNK cells, classified by differential
expression of CD2, display divergent functions in innate immunity, and are hypothesised to contribute to
adaptive immunity following vaccination. Here we characterised phenotypic variation of bNK cells within
afferent lymph and lymph node (LN) tissues and between CD2" and CD2" bNK subsets, and report phenotypic
changes induced by BCG vaccination. CD2" bNK cells, which dominate in the afferent lymph and LN, displayed
lower expression of the activation marker CD25 within the LN, with CD25" cells being less than half as frequent
as in afferent lymph. Furthermore, we found bNK cells had a lower expression of CD45RB, associated in cattle
with naive cell status, within LN compared to afferent lymph. Following BCG vaccination, bNK cells in afferent
lymph draining the vaccination site showed increased CD2'CD25" frequencies and increased expression of CD25
on CD2" bNK cells, although the frequency of these cells remained unchanged. In summary, we provide an
overview of the phenotype of bNK cells within bovine lymphatic tissues, and provide an indication of how

Bovine natural killer cells
BCG
Flow cytometry

subsets may diverge following BCG vaccination.

1. Introduction

Bovine tuberculosis (bTB) is a respiratory disease of cattle caused by
the intracellular bacterium Mycobacterium bovis (Domingo et al., 2014),
causing significant economic and human and animal health concerns.
Over 29,000 cattle were culled in England and Wales in the year to
March 2023 due to bTB incidents while Scotland remains bTB-free
(Defra, 2023). The Bacille Calmette-Guérin (BCG) vaccine is not
routinely given to cattle in the UK as a result of confounding statutory
diagnostic tests for bTB, although trials in cattle indicate high levels of
protection (Hope et al., 2005; Nugent et al., 2018; Thom et al., 2012),
and newly developed DIVA (differentiating infected from vaccinated
animals) skin tests could circumvent this issue (Jones et al., 2022). A
meta-analysis of studies performed in cattle demonstrated significant
potential for BCG vaccination to impact bTB disease control (Srinivasan
et al., 2021), although the vaccine does not induce sterile immunity. As
such, understanding the molecular and cellular mechanisms underpin-
ning bovine immunity to M. bovis is critical in developing improved,
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effective vaccines. Furthermore, cattle and humans share several ele-
ments of tuberculosis (TB) biology including immune responses and
correlates of immunity. Therefore, cattle represent an -effective
one-health model of TB that is mutually beneficial for both veterinary
and medical research into TB immunology and vaccine development
(Buddle et al., 2005; Waters et al., 2014; Waters et al., 2011). This be-
comes particularly valuable as the BCG vaccine lacks high efficacy in
adult humans, and as such novel vaccine development is similarly a
priority in human TB eradication (Fogel, 2015).

One subset of innate immune cells implicated in BCG-induced im-
munity are natural killer (NK) cells, characterised by the expression of
cytotoxic effector molecules and potent secretion of IFN-y (Boysen and
Storset, 2009). Upon stimulation with BCG, human NK cells undergo
enhanced secretion of pro-inflammatory cytokines following vaccina-
tion compared to pre-vaccination (Kleinnijenhuis et al., 2014) and NK
cells are implicated in immune responses to M. tuberculosis (Esin and
Batoni, 2015). Bovine NK cells comprise up to 10% of total lymphocytes
in peripheral blood and lymphatic tissues and can be defined by
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expression of the NK cell receptor NKp46 and a lack of the T cell marker
CD3 (NKp467CD3") (Storset et al., 2004). Furthermore, bNK cells can be
divided into two major subgroups: NKp467CD3'CD2" and
NKp46"CD3'CD2’, the major populations within blood and lymphatic
tissues, respectively (Boysen et al., 2008; Hamilton et al., 2017a). CD2
bNK cells have a higher expression of the IL-2 receptor o chain CD25,
indicating a higher activation status and receptiveness to IL-2 signalling
(Boysen et al., 2006). Indeed, CD2” bNK cells proliferate more rapidly in
vitro and secrete more IFN-y when cultured with IL-2 compared to CD2"
bNK cells (Boysen et al., 2006; Hamilton et al., 2016). Critically, CD2"
bNK cells are preferentially activated by BCG stimulated- or
M. bovis-infected bovine dendritic cells (DCs) compared to CD2" bNK
cells (Hamilton et al., 2016; Siddiqui and Hope, 2013), and are therefore
implicated in responses to vaccination and infection.

Following BCG vaccination, antigen delivery to the draining lymph
node (LN) is achieved by the trafficking of immune cells from the skin
via the afferent lymphatics (Hope et al., 2012; Tozuka et al., 2016). In
cattle, these draining immune cells include T cells, DCs, and bNK cells
(Hamilton et al., 2017b; Lund et al., 2013; Marzo et al., 2022; Van Rhijn
et al., 2007). Within afferent lymph draining the skin, CD2" bNK cells are
predominant, and lymph bNK cells can be induced to express high levels
of IFN-y (Lund et al., 2013). Given the role of CD2" bNK cells in in-
teractions with BCG exposed DCs following BCG vaccination, their
predominance in lymphatic tissues, and the importance of IFN-y for BCG
induced immune protection (Hope and Vordermeier, 2005), bNK cells
are a valuable focus of investigations into BCG vaccine-mediated im-
munity to bTB.

The development of a flow cytometry panel including NKp46, CD3
and CD2 represents a simple and highly effective mechanism for the
phenotypic characterisation of bNK cells (Bryceson et al., 2010). In this
study, we employed a surgical cannulation bovine model and a
six-colour flow cytometry panel to characterise the cell surface pheno-
type of bNK cells in lymphatic tissues, and performed a comparative
analysis of bNK cell phenotypes pre- and 24 h post-BCG vaccination. We
demonstrate that BCG vaccination results in differential activation of
afferent lymph bNK cell subsets.

2. Materials and methods
2.1. Animals and sample collection

Samples from eight male British Holstein Friesen cows (Bos taurus)
between three and six months of age were used in this study. Animals
were housed at the University of Edinburgh Langhill and Dryden Farms,
and at the Large Animal Research Imaging Facility. All experimental
protocols were authorised under the UK Animals (Scientific Procedures)
Act, 1986, and performed according to Home Office guidelines with
approval from The Roslin Institute’s local Animal Welfare and Ethical
Review Board.

Peripheral blood, afferent lymph and right pre-scapular lymph node
(RPSLN) sample collection and preparation were conducted as described
previously (Hamilton et al., 2017b; Hope et al., 2006). Briefly, periph-
eral blood samples were collected by jugular venepuncture into sodium
heparin (Fisher Scientific, UK) prior to RPSLN removal and peripheral
blood mononuclear cells (PBMCs) were separated by density gradient
centrifugation using Lymphoprep™ (STEMCELL Technologies, UK).
RPSLNs were removed surgically and processed to isolate mononuclear
cells. Calves were allowed to recover from surgery and housed for a
further 6-8 weeks. Following LN removal, afferent and efferent
lymphatic vessels re-anastomose to form larger vessels receptive to
cannulation (Hope et al., 2006). Two months after LN removal,
pre-scapular lymphatic vessels were cannulated and ‘pseudo-afferent’
lymph fluid collected. Whole lymph was centrifuged at 400 x g for 5 min
to pellet the cells. Calves were vaccinated with BCG Danish (~1 x10°
colony forming units; SSI, Denmark) subcutaneously 14 days
post-cannulation (DPC). Peripheral blood, afferent lymph and RPSLN
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samples were cryopreserved in foetal bovine serum/10% DMSO (Sigma
Aldrich) at — 155 °C until required.

2.2. Flow cytometry

Cryopreserved cell samples were thawed and washed in warm PBS.
Viable cells were counted using a haemocytometer and resuspended in
blocking buffer: either PBS with 1% bovine serum albumin (BSA)
(Sigma-Aldrich) or PBS with 5% normal goat serum (Abcam). Fluores-
cent labelled monoclonal antibodies (mAbs) were diluted in blocking
buffer to pre-determined optimal concentrations (Table 1). Cells were
incubated with mAbs for 30 min on ice. Samples were pooled between
calves for fluorescence minus one (FMO) control staining due to low
number of cells. Cells were then washed with PBS three times. Following
antibody staining, cells were incubated with Zombie yellow or NIR
(BioLegend, USA) viability dye at room temperature for 15 min. Cells
were then washed three times with PBS and fixed with 2.0% para-
formaldehyde and stored at 4 °C prior to analysis with an LSRFortessa
flow cytometer (BD Biosciences). A minimum of 50,000 events were
collected. Data were analysed using FlowJo™ v10.8 Software (BD Life
Sciences). Lymphocytes were selected based on the FSC-A v. SSC-A
profile, dead cells were excluded by the Zombie dyes and doublets
omitted based on signal processing (FSC-A/H). Isotype control anti-
bodies were used to validate the absence of non-specific binding. Gates
were set using FMO controls (Fig. 1).

2.3. Statistics

Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad, US). Mean bNK cell proportions across biological replicates
were compared between afferent lymphatic sample timepoints post-
surgical cannulation by paired t-tests (two-tailed). Pre- and post-BCG
vaccination analyses were similarly made by paired t-tests (two-tailed)
to compare bNK cell proportions and mean fluorescence intensity (MFI).
P-values were adjusted using the Bonferonni-Dunn method to account
for multiple testing, and statistical significance of adjusted p-values was
defined as follows: *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

3. Results and discussion
This study aimed to perform comparative analyses of bNK cells

within naive and post-BCG vaccination lymphatic tissues using a mul-
ticolour flow cytometry panel. The six-colour flow cytometric panel was

Table 1
Cell surface molecules targeted in experimentation.

Marker Marker mAb mAb mAb Conjugate  Cytometer

Description Clone Isotype Laser and
Number Filter

NKp46 bNK cell Gr13.1 IgG1 Pacific Blue V450/50
surface (PB)
receptor

CD2 Adhesion CC42 IgG1 Fluorescein B530/30
molecule; isothiocyanate
activation (FITC)
receptor on
bNK and T
Cells

CD25 Interleukin-2 IL-A111 IgG1 Alexa fluor 568 YG610/20
receptor o (AF568)
chain;
activation
marker

CD3 T Cell marker MMI1A IgG1 Alexa fluor 647 R670/14

(AF647)

CD45RB  Marker of CC76 IgG1 PE Cyanine 7 YG780/60
naive (PeCy7)
lymphocytes
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Fig. 1. Gating strategy for analysis of afferent lymph cells by flow cytometry. (A) Cells were first gated on their FSC-A/SSC-A properties to exclude debris (Lym-
phocytes). Non-viable cells were then excluded by gating cells negative for Zombie yellow viability dye (Live). Doublets were excluded by gating of FSC-A/FSC-H
properties (Single cells). From the Single Cells gate, NK cells were identified as NKp46"CD3" (red box). FMOs for NKp46-Pacific Blue (NKp46-PB) and CD3-Alexa
Fluor 647 (AF647) are shown on the right. (B) The expression of CD2, CD25 and CD45RB were assessed on the NK cells (NKp46*CD3" gate). The FMOs for CD2-
FITC, CD25-AF568 and CD45RB-PE-Cy7 are shown above. (C) The expression of CD25 and CD45RB were assessed on CD2" and CD2" NK cell subsets. Plots show

analysis from one BCG-naive animal.

first developed using PBMCs from two BCG-naive calves to optimise
staining and gating strategies (Supplementary Figure 1). Cells were
gated to exclude debris, dead cells and doublets. Gating of NKp46, CD2,
CD25, CD3 and CD45RB was set on relative FMOs (Fig. 1).

The optimised flow panel was then utilised to characterise bNK cell
phenotype in afferent lymphatic fluid at early and late timepoints post-
surgical cannulation. Overall proportions of bNK cells were previously
reported to remain unchanged following lymphatic cannulation (Marzo
et al., 2022). Comparing early afferent lymph (EAL, collected two days
post-cannulation (DPC)) and late afferent lymph (LAL, collected 15-18
DPC), a non-significant (p > 0.05) increase in NKp46'CD3" cells as a
proportion of the total live lymphocytes was observed in LAL (Fig. 2A),
which may be the result of absolute changes in other cell types following
cannulation-induced inflammation. For example, bovine skin-dwelling
vd T cells migrate in increased numbers in the afferent lymph
following inflammation: this was also demonstrated for B cells and
neutrophils in humans, and y8 T cells and DCs in sheep (Egan et al.,
1996; Geherin et al., 2012; Van Rhijn et al., 2007; Voisin and Nour-
shargh, 2019). The proportion of bNK cells with different phenotypes
within afferent lymph remained similar between EAL and LAL, however
the percentage of CD45RB" bNK cells was significantly higher in LAL
relative to EAL (p = 0.045) (Fig. 2A). Given this, bNK cell proportions
and phenotypes remain largely unchanged following surgical
cannulation.

bNK cell phenotypes in the RPSLN were similarly studied (Fig. 2B).
The proportion of bNK cells expressing CD25 was markedly lower in
RPSLN (30.98%) versus either EAL (66.02%) or LAL (61.78%), reflect-
ing a lower proportion of bNK cells with an active phenotype in this
tissue. Bovine NK cells upregulate CD25 expression in response to
stimulation with pro-inflammatory cytokines IL-12 and IL-15 (Endsley
et al., 2006), a process shown in humans to be blocked by T regulatory
cells (Gasteiger et al., 2013). As such, bNK CD25 expression may be

lowered within the LN by immunological homoeostatic mechanisms
mediated by other lymphocytes found within this tissue. Similarly, we
observed lower expression of CD45RB in bNK cells found within the
RPSLN (26.22%) compared to both EAL (43.52%) and LAL (52.03%).
Previous research showed approximately half of bNK cells in peripheral
blood express CD45RB (Graham et al., 2009), a finding replicated here
(Supplementary Figure 1). In cattle, CD45RB corresponds with an
immunologically naive status, similar to CD45RA expressed by quies-
cent non-activated human NK cells (Krzywinska et al., 2016). The
reduction in CD45RB expression in RPSLN bNK cells relative to those in
afferent lymph may be the result of bNK cell maturation in the LN.
Indeed, human NK cells are known to undergo maturation processes in
LNs that involve the loss of CD45RA (Abel et al., 2018). In addition,
CD2" and CD2" subsets of bNK were compared for the expression of
CD25 and CD45RB within lymphatic tissues (Fig. 2C-H). The proportion
of CD25" cells was significantly lower in CD2" subset than CD2" subset
in RPSLN (p = 0.003) but not EAL or LAL (Fig. 2C-E). The percentage of
CD45RB* population was higher in CD2” subset relative to CD2" subset
in both LAL (p = 0.016) and RPSLN (p = 0.015) but not EAL (Fig. 2F-H).
Collectively, these data reinforce the hypothesis of differential roles for
CD2" and CD2 bNK cells, however functional characterisation is
required to draw further conclusions.

Analysis of afferent lymph bNK cells prior to and 24 h post-BCG
vaccination further characterised bNK cell phenotypes. The percentage
of NKp46"CD3 bNK cells among total live lymphocytes did not change
after BCG vaccination (Fig. 3A), and furthermore no significant changes
in CD2", CD25" or CD45RB™ frequencies were observed among bNK
cells (Fig. 3B-D), reflecting previous findings that bNK cell activation
does not induce changes in CD2 expression (Boysen et al., 2006). Despite
CD25" expression being non-significantly increased post-BCG in bNK
cells, CD25 expression as determined by MFI was significantly
(p = 0.02) higher following vaccination (Fig. 3F). This reflects previous
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Fig. 2. Phenotypic proportions of bNK cells in lymphatic tissues. Cells were isolated from early afferent lymph (EAL), late afferent lymph (LAL) and right pre-
scapular lymph node (RPSLN) of three calves and assessed by multicolour flow cytometry. Percentages of NKp467CD3" bNK cells were compared between EAL
and LAL (A). NKp46"CD3" cells were assessed for the expression of CD2, CD25 and CD45RB. bNK cells were similarly characterised in RPSLN (B). CD2" and CD2” bNK
cell subsets from all three tissues were then compared for CD25" and CD45RB" proportions (C-H). Each symbol denotes an individual animal (n = 3 biological
replicates). Values reflect cell proportions among total live lymphocytes and subsequent subpopulations.

findings regarding the activation of bNK cells following BCG vaccina-
tion. No significant differences in expression were observed for CD2 or
CD45RB post-vaccination (Fig. 3E-G). Given the differential roles of
CD2" and CD2" bNK cells, we interrogated these differences by exam-
ining CD25 and CD45RB expression among CD2" and CD2” bNK cells
following BCG vaccination (Fig. 4). While no significant difference in
CcD25" proportions was observed among CD2" bNK cells (Fig. 4A), a
significant (p = 0.016) increase in CD25" proportions among CD2" bNK
cells was found (Fig. 4B), in agreement with the reported preferential
activation of this subset by DCs following BCG stimulation (Hamilton
et al., 2016). The CD2" subset interacts most effectively with DCs,
altering their ability to stimulate T cells and influencing Thl bias
through expression of IFN-y (Siddiqui et al., 2012). Although the per-
centage of CD2" cells expressing CD25 did not change following BCG
vaccination (Fig. 4A), the MFI of CD25 was significantly increased

(p = 0.021) (Fig. 4E), consistent with a high activation status and a
potential role for CD2" bNK cells following BCG vaccination. No change
in CD25 MFI was observed among CD2” bNK cells (Fig. 4F). No differ-
ences in CD45RB expression by either subset of NK cells were observed
following BCG vaccination (Fig. 4C-D, G-H). Further analysis, including
studies of the expression of CD45RO by bNK cells could provide further
insight into the impact of BCG vaccination on activation and potential
switch from naive to memory state.

Analysis of the impact of BCG vaccination on the expression of IFN-y
by afferent lymph bNK cells could indicate specific roles in the induction
of immune bias following BCG vaccination. Examination of the distri-
bution of bNK cells in lymph nodes draining BCG vaccination sites in-
dicates clustering in T cell areas and in proximity to DCs (Ho, Zifko et al.,
in preparation, data not shown) which could indicate cross-talk between
these key cell types to influence the adaptive immune response
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Fig. 3. Comparison of lymph bNK cell proportions from naive and BCG vaccinated calves. Surgically cannulated calves were vaccinated with BCG directly above the
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post-BCG samples were processed and analysed simultaneously. Statistics were calculated by paired t-tests (two-tailed). Each symbol denotes an individual animal
(n = 4 biological replicates). Values reflect cell proportions and MFIs among total live lymphocytes and subsequent subpopulations.

A B C D
) ns ) * ) ns ) ns
80 I I .. 100 80 | I 100 | |
~ o——— o ~ N o
a_604 & —* Q_ 89 . —"° Q € 60 Sg 80 $£—=s
5 < ) -3 & G5 60
G g 40 8iq 8 x 40 o
%8 o8 40 —" o9 0§ 40
T C 2 39 5 5 2 28 20
2 2 2 2
0 T T 0 T T 0 T T 0 T T
) ') ) o ) ) ) )
< <
R g & R S &
& Qo* P Q09 Q€ Qoe Q¢ Qo"
E) F) G) H)
ns
* ns ns
. 2500 | 400 [ | 800 — 800 1
N _ 2000 : . N :§!
Q—~ N =
ok a = 300 '<: 8E e00{ & o 600
@ = 1500 ot L :‘ g - e
[=]
o84 95 200 83 400 o g 400
wn 1000 o8] oK 09
$3 ©d o3 23 200
&° 500 2O 100 <8 200 28
z ¥ go x
0 ] 1 4 =z 0 T T
o o 0 . . 0 X o 1)
& & &P P & &F
Q(e 06\' 09 \9 09 \9 ‘0' g\"
R Q‘ QOQ Q‘ Qob Q Qo

Fig. 4. Comparison of lymph CD2" and CD2" bNK cell subsets from naive and BCG vaccinated calves. Cells were isolated as described for Figs. 1-3 and assessed by
multicolour flow cytometry for the expression of CD25 (percentage (A, B), and MFI (E, F)) and CD45RB (Percentage (C, D) and MFI (G, H)). Pre-BCG and post-BCG
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(Fernandez et al., 2002; Horowitz et al., 2011). In addition, analysis of
the cytolytic effector molecules granulysin and perforin, constitutively
expressed by bNK cells, could provide further insights. CD2" and CD2"
bNK cells in peripheral blood have been described as having equal
cytotoxic capacity (Boysen et al., 2006; Endsley et al., 2006), however
expression of granulysin and perforin increases following bNK cell
activation (Endsley et al., 2006) and could have implications for
anti-mycobacterial immunity (Denis et al., 2007).

In summary, this paper applied multicolour flow cytometry to the
phenotypic characterisation of bNK cells, describing phenotypes within
lymphatic tissues. Furthermore, this analysis reinforces the dominance
of CD2’ subset of bNK cells within lymphatic tissues and the preferential
activation of this subset following BCG vaccination. This phenotypic
analysis assessing multiple cell surface markers provides an insightful
initial overview of lymphatic bNK cells, and provides a solid foundation
for further work.
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