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Bovine natural killer cell subsets
can be defined by differential
expression of CD161 (KLRB1)
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Lindert Benedictus1,3, Timothy Connelley1, Jayne C. Hope1*

and Lindsey A. Waddell1

1The Roslin Institute and R(D)SVS, University of Edinburgh, Edinburgh, United Kingdom, 2Peter
Medawar Building for Pathogen Research, Nuffield Department of Medicine, University of Oxford,
Oxford, United Kingdom, 3Division of Farm Animal Health, Faculty of Veterinary Medicine, Utrecht
University, Utrecht, Netherlands
Natural killer (NK) cells play a vital role in the immune response to infection, disease,

and vaccination. Bovine NK cell subsets have been described; however, a more in-

depth characterization is currently hindered by the lack of species-specific reagents

in comparison to humans and mice. CD161, encoded by the KLRB1 gene, is a C-type

lectin-like receptor known to be highly expressed in humanNK cells. CD161 has been

described in human immunity as defining a pro-inflammatory subset of NK cells that

are capable of responding to cytokines. The specific function and importance of

bovineCD161+ cells have yet to be defined. This study developed and characterized a

novel mouse anti-bovine CD161 monoclonal antibody and determined the expres-

sion of CD161 on NK cells, CD8 T cells, and gamma delta T (gdT) cells in peripheral

blood from calves. Future research will investigate the specific function and targeting

of the described CD161+ subsets in baseline immune response, infection, and

response to vaccination.
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1 Introduction

CD161 is a C-type lectin-like receptor expressed on the cell surface of the majority of

natural killer (NK) cells and specific subsets of T cells in humans (1). Expression has been

described during NK cell development (2), with staining in umbilical cord blood in infants

suggestive of the presence of CD161 within the early stages of development (1). In human

peripheral blood, CD161 expression has been reported on one CD4+CD161+, and two

CD8+CD161+ T-cell subsets (3). T-cell subsets that express CD161 have been shown to be

responsive to cytokines such as interleukin 12 (IL-12) and IL-18, and these cell types have

therefore been described as possessing an innate-like function (4). Notably, types of human

T cells that express CD161 are gamma delta T (gdT) cells (5) and mucosal-associated

invariant T (MAIT) cells (6). CD161+ NK cells are innate cells that are responsive to IL-12

and IL-18 (3). CD161 expression has been described on a pro-inflammatory subset of

human NK cells, and binding to its ligand CLEC2D (LLT1) can inhibit cytotoxicity and

cytokine production (1). The pro-inflammatory nature of CD161+ NK cells in humans

suggests roles in the control of infection and the regulation of disease processes. Human NK
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cell subsets are routinely defined by the expression of CD56;

however, this gene is absent in cattle (7). Bovine NK cell subsets

with divergent functions are identified by the expression of NKp46

(NCR1, CD335) and CD2, and the absence of CD3 (8). The

CD2−NKp46+ subset is the main cytokine-producing subset, pre-

dominantly producing interferon gamma (IFNg) (9). This IFNg
response is central to the vaccination response to Bacille Calmette–

Guerin (BCG) in calves and in neonatal humans, underpinning

protective immunity to tuberculosis (TB).

Cattle and humans each encode only one KLRB1 gene, in

contrast to rodents that encode multiple genes (10). Therefore,

findings from human CD161 biology could potentially apply to

cattle, and if such is the case, cattle could be a suitable model to

study the role of CD161 in human disease and infection. However,

studies into the biology of CD161 in cattle have been hindered by

the lack of reagents specifically recognizing bovine CD161.

Here, we describe the generation of a novel antibody specific for

bovine CD161 and confirm the expression of CD161 by subsets of

NK, CD8+ T, and gdTCR+ T cells within the peripheral blood in

cattle. This monoclonal antibody (mAb) will enable further studies

on the role of CD161 in the immune responses of cattle.
2 Materials and methods

All experimental protocols were carried out under the authority of

a UK Home Office Project Licence under the regulations of the

Animals (Scientific Procedures) Act 1986, with approval from The

Roslin Institute’s Local Animal Welfare and Ethical Review Board

(AWERB). The results are reported in line with the Animal Research:

Reporting of In Vivo Experiments (ARRIVE) guidelines (11).

2.1 Construction and purification of
recombinant bovine CD161-HuIgG1-Fc
purified protein

The sequence corresponding to the extracellular domain of bovine

CD161 (NCBI reference no. XM0052070515) was synthesized with an

EcoRV restriction site at the 5′-end and a BglII restriction enzyme site at

the 3′-end (SynBio Technologies, Monmouth Junction, NJ, USA) and

cloned into the expression vector pFUSE-hIgG1-Fc2 (InvivoGen, San

Diego, CA, USA). The plasmid was sequenced using Sanger sequencing

(LightRun Tube Services; Eurofins, Ebersberg, Germany) to confirm the

open reading frame (ORF) prior to the initiation of expression work.

Recombinant bovine CD161-FC (rBvCD161-FC) was purified from the
Abbreviations: AF488, Alexa Fluor 488; AF568, Alexa Fluor 568; AF647, Alexa

Fluor 647; BCG, Bacille Calmette–Guerin; FACS, fluorescent-activated cell

sorting; FMO, fluorescence minus one; FBS, fetal bovine serum; gdT, gamma

delta T cells; IFNg, interferon gamma; MFI, median fluorescent intensity; mAb,

monoclonal antibody; MAIT cell, mucosal-associated invariant T cell; NK cell,

natural killer cell; NKT, natural killer-like T; NGS, normal goat serum; ORF, open

reading frame; PBMCs, peripheral blood mononuclear cells; PBS, phosphate-

buffered saline; PFA, paraformaldehyde; PoB, post-bleed; PrB, pre-bleed;

rBvCD161-FC, recombinant bovine CD161-Fc; rHu-FC, recombinant HuIgG1-

Fc; TB, tuberculosis.
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supernatant of Lipofectamine2000 (Life Technologies, Carlsbad, CA,

USA) transfected HEK293T cells maintained in Dulbecco’s modified

Eagle’s medium (DMEM) (Merck, Darmstadt, Germany), 10% immu-

noglobulin G (IgG)-depleted UltraLow fetal bovine serum (FBS) (Gibco,

Waltham, MA, USA), and 1× Glutamax (Gibco) media using a HiTrap

Protein G HP antibody purification column (Cytiva, Marlborough, MA,

USA) according to the manufacturer’s instructions. Purified rBvCD161-

FC was dialyzed using a Slide-A-Lyzer™ G3 Dialysis cassette 10 kDa

MWCO (ThermoFisher Scientific, Waltham, MA, USA) into phos-

phate-buffered saline (PBS) and assessed for identity and purity using

mass spectrometry by the Proteomics and Metabolomics Facility at the

Roslin Institute, University of Edinburgh, prior to use as an immunogen.

2.2 Mouse immunization for hybridoma
production

Three Balb/c mice (Charles River Laboratories, Margate, UK)

were immunized for mAb production. To increase the applications

of the mAbs produced, animals were co-immunized with

rBvCD161-FC and porcine CD161-HuIgG1-Fc recombinant pro-

teins (12). Initial pre-immunization bleeds were taken from each

animal, followed by three subcutaneous injections with 50 µg

protein with TiterMax Gold adjuvant (Sigma-Aldrich, St. Louis,

MO, USA) at a minimum of 14-day intervals. A final intraperitoneal

injection with 50 µg antigen with no adjuvant was performed 3 days

prior to tissue harvest and fusion.

2.3 Confirmation of response to
immunogen by indirect ELISA

Pre- and post-immunization sera from all mice were screened with

indirect ELISA to confirm the response to the rBvCD161-FC immu-

nogen. Overnight, 96-well MaxiSorp ELISA plates (Nunc, Roskilde,

Denmark) were coated with 50 ng/well of rBvCD161-FC or recombi-

nant HuIgG1-Fc (rHu-FC, produced in-house). The following day, an

indirect ELISA was carried out exactly as previously described (13)

using mouse serum diluted 1:1,000 in PBS followed by a horse anti-

mouse IgG-HRP (7076S; Cell Signaling, Danvers, MA, USA) secondary

antibody diluted 1:5,000 in PBS.

2.4 Fusion and hybridoma production

Splenocytes were isolated and the fusion of hybridomas carried

out in accordance with the method cited by Khalid et al. (14).

Indirect ELISA as described above was used to screen neat hybrid-

oma supernatant against the rBvCD161-FC immunogen, and rHu-

FC was utilized to determine which polyclonal hybridomas to take

forward to mAb production.

2.5 Monoclonal antibody production and
purification

Following the expansion of selected clones taken forward from

ELISA, single-cell sorting was carried out using a BD FACS Aria III

(BD Biosciences, San Jose, CA, USA) as previously described (14).

Following saturation of the cell culture supernatant, indirect ELISA

as above was performed on neat polyclonal hybridoma supernatant
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or purified mAb diluted in PBS to determine mAb clones specific

against the rBvCD161-FC immunogen. The two most strongly

reactive mAbs were expanded in culture and purified mAb pro-

duced by passing the cell culture supernatant over a HiTrap Protein

G column (Cytiva) according to the manufacturer’s instructions.

The purified antibody was dialyzed using a Slide-A-Lyzer™ G3

Dialysis cassette 10 kDa MWCO (ThermoFisher Scientific) into

PBS, aliquoted, and stored at −20°C until utilized.

2.6 PBMC isolation

During a previous study, peripheral blood mononuclear cells

(PBMCs) were isolated and cryopreserved from Holstein–Friesian

calves as previously described (15). In summary, heparinized blood

was collected, diluted 1:1 with PBS, and layered over Lymphoprep

Density Gradient (STEMCELL Technologies UK Ltd., Cambridge,

UK). Layered blood was centrifuged at 1,200 × g for 40 min with no

brake. The PBMC cell layer was carefully removed, washed in PBS,

and counted using Trypan blue (Gibco) to determine cell viability.

Isolated PBMCs were cryopreserved in fetal bovine serum (FBS)

(Gibco) containing 10% dimethyl sulfoxide (DMSO) (Sigma-

Aldrich) and stored at −155°C for future use.

2.7 Flow cytometry

Specific binding of mouse anti-bovine CD161mAbs to bovine cells

was confirmed by flow cytometric analysis of PBMCs. Following

recovery from cryopreservation, 1 × 106 cells/sample were blocked in

PBS/5% normal goat serum (NGS) for 15 min on ice. Following

centrifugation at 400 × g for 5 min and removal of the supernatant, 50

µl/well primary mAbs diluted in PBS/5% NGS was added and

incubated for 30 min on ice. In the instance of the primary mAbs

being unconjugated, three PBS washes were carried out, and following

final centrifugation, 50 µl/well of mouse anti-IgG1-FITC secondary

antibody (406605; BioLegend, San Diego, CA, USA) diluted 1:200 in

PBS was added and incubated on ice for 30 min. A further three PBS

washes were carried out and Sytox Blue (Invitrogen, Carlsbad, CA,

USA) viability dye diluted in PBS added prior to analysis on a BD LSR

Fortessa flow cytometer (BD Biosciences). For multi-parametric flow

cytometry, Zombie NIR viability dye (BioLegend) was used and the

cells fixed in 2% paraformaldehyde (PFA) prior to storage overnight at

4°C. The following day, UltraComp beads (ThermoFisher Scientific)
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were used for compensation and approximately 250,000 events within

the lymphocyte region of PBMCs (Supplementary Figure 1) were

collected. Analysis was carried out using FlowJo v10 software (BD

Biosciences). Cells only, cells plus viability dye only, secondary anti-

body only, isotype control, and fluorescence minus one (FMO)

controls were included, where required. Example gating strategies are

described in Supplementary Figure 1. Information on all antibodies

used within multi-parametric panels is listed in Table 1.

When required, in-house conjugation of the primary antibodies

with Alexa Fluor dyes was carried out according to the kit

manufacturer’s instructions (Molecular Probes, Eugene, OR, USA).
3 Results

3.1 Response of mice to immunization with
recombinant bovine CD161-FC

Indirect ELISAs on the pre- and post-immunization bleeds

from immunized mice showed the response of each animal to the

rBvCD161-FC recombinant protein antigen in comparison to the

rHu-FC irrelevant tag (Figure 1).

A high response against the CD161 immunogen was observed

in all three mice following the second immunization in comparison

to the pre-bleed.

3.2 Specificity of CD161 mAb to bovine
CD161 by indirect ELISA

Following polyclonal hybridomas reaching saturation in HT

media, the cell culture supernatant was screened using indirect

ELISA. Polyclonal hybridomas 1F2 and 4H2 showed strong reac-

tivity against the rBvCD161-FC immunogen and a very low

response to the irrelevant rHu-FC tag (Figure 2A). These two

wells were expanded and taken forward for mAb selection by

fluorescent-activated cell sorting (FACS).

Following purification, the mAb clones 1F2/3A4 and 4H2/4G9

were further screened using indirect ELISA at reducing concentra-

tions and confirmed the high specificity of both mAbs against the

rBvCD161-FC immunogen in comparison to the irrelevant rHu-FC

tag (Figure 2B).
TABLE 1 Primary antibodies used within the multicolor flow cytometry staining panels.

Antigen Specificity Clone Isotype Fluorophore

CD2 Mouse anti-bovine CC42 IgG1 AF488

CD8 Mouse anti-bovine CC63 IgG1 FITC

CD161 Mouse anti-bovine 1F2/3A4 IgG1 AF568

NKp46 Mouse anti-bovine Gr13.1 IgG1 AF647

gdTCR Mouse anti-bovine GB21A IgG2b AF647

CD4 Mouse anti-bovine IL-A12 IgG2a AF647
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3.3 Specificity of CD161 mAb to bovine
PBMCs by flow cytometry

To confirm specific binding of the anti-CD161 mAb clone 1F2/

3A4 to natively expressed CD161, PBMCs were stained with

twofold dilutions of purified mAb (4–0.25 µg/ml) followed by an

anti-mouse IgG1-FITC secondary antibody (BioLegend) and

detection by flow cytometry (Figures 3E–J).
Frontiers in Immunology 04
Based on clear distinction between positive and negative staining

(Figures 3A–D), an optimal staining concentration of 2 µg/ml was

determined (Figure 3F). Backgating of the positive population to the

FSC-A vs. SSC-A plot of the PBMCs confirmed that the expression of

CD161 was predominantly within the lymphocyte region (Figure 3K).
3.4 CD161 co-expression on NK, gdT, and T
cells in peripheral blood

Following confirmation of specificity, the purified CD161 clone

1F2/3A4 was conjugated to Alexa Fluor 568 (AF568) fluorophore

for use within the multicolor flow cytometry staining panels. The

co-expression of CD161 with NKp46, gdTCR, CD4, and CD8 on

PBMCs was investigated through multicolor flow cytome-

try (Figure 4).

Subsets of NK cells were identified through NKp46/CD161

double staining (Figure 4A), with the majority of NKp46+ cells

also expressing CD161. Negligible co-expression of CD161 was

observed with CD4 (Figure 4B); however, a small population of

CD161LogdTCR+ cells was observed (Figure 4C). Differential

expression of CD161 was shown on CD8+ cells (Figure 4D), and

further multicolor staining demonstrated the CD8+CD161Lo cells to

be predominantly NKp46−, therefore likely to be T cells, and

CD8LoCD161Hi to be almost exclusively NKp46+, and therefore

NK cells.
FIGURE 2

Polyclonal hybridoma and monoclonal antibody (mAb) screening by indirect ELISA. Indirect ELISAs were carried out against recombinant bovine
CD161-FC protein (rBvCD161-FC) used as the immunogen (striped) and recombinant HuIgG1-FC (rHu-FC) tag (black) (A). Following mAb
purification, clones 4H2/4G9 and 1F2/3A4 were assessed for response to the rBvCD161-FC protein, and the irrelevant rHu-FC tag at reducing
concentrations (B). Mouse IgG serum (MG100) was used as a positive control (gray).
FIGURE 1

Response of immunized mice by indirect ELISA. A tail bleed from
each mouse was taken pre-immunization (PrB) at day 0 and post-
second immunization (PoB) at day 29. An indirect ELISA was carried
out against recombinant bovine CD161-FC protein (rBvCD161-FC)
used as the immunogen (striped) in addition to the recombinant
HuIgG1-FC (rHu-FC) tag (black). Mouse IgG serum (MG100) was
used as a positive control (gray).
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3.5 CD161 expression on NKp46/CD2 NK
cell subsets

As previously reported (8), bovine NK cell subsets are com-

monly defined by the expression of CD2 and NKp46 (Figure 5A).

Multi-parametric flow cytometry showed that CD161+ and

CD161− populations were found within both the CD2+NKp46+

(Figure 5B) and CD2−NKp46+ subsets (Figure 5C). CD161 was

expressed by the majority of NK cells in both the CD2+NKp46+

(average = 82.65%, range = 50.8%–89.5%, n = 4) and CD2−NKp46+

subsets (average = 71.25%, range = 68.8%–75.5%, n = 4), and there

was no significant difference in the percentage of positive cells

between these populations (paired t-test) (Figure 5D). The median

fluorescent intensity (MFI) of the CD161+ cells was significantly

higher (p = 0.023, paired t-test) on the CD2−NKp46+ than the

CD2+NKp46+ subset (Figure 5E).
4 Discussion

This study developed and characterized a novel mouse anti-

bovine CD161 mAb and defined its expression on bovine peripheral
Frontiers in Immunology 05
blood at baseline levels in calves. Novel subsets of CD161+ NK cells,

T cells, and gdT cells were described.

Previously, bovine NK cells have been commonly defined using

NKp46 expression, often in combination with CD2 (8). The distinct

NKp46+CD2+ and NKp46+CD2− subsets carry out differing functions

within the bovine immune response, with NKp46+CD2− cells predom-

inately producing IFNg following infection, stimulation, or vaccination

(9). Here, we have shown that these subsets can be further separated

into CD161+ and CD161−, with CD161− consistently shown as the

minor subset. The function of CD161+ NK cells in cattle is yet to be

fully defined; however, the possibility that these NK cell subsets may

perform differing functions in the immune response to infection,

disease, and/or vaccination can now be further explored due to the

existence of the novel reagent described here. NKp46+CD161− NK

cells, although a very small percentage of peripheral blood overall

(Figure 4A), also warrant further investigation to determine their

potential function and role within the immune response to infection,

disease, and vaccination. Interestingly, the percentage of cells that

express CD161 was comparable between the CD2/NKp46 subsets;

however, CD2−NKp46+CD161+ cells were shown to have a signifi-

cantly higher CD161 MFI than CD2+NKp46+CD161+ cells. This

suggests that the CD2− subset, which has been shown to predominantly

produce IFNg in response to stimulation (9), expresses higher levels of
FIGURE 3

Testing of purified monoclonal antibody (mAb) 1F2/3A4 by flow cytometry against bovine peripheral blood mononuclear cells (PBMCs). The specificity
of the purified mouse anti-bovine CD161 mAb clone 1F2/3A4 was confirmed in bovine PBMCs by flow cytometry. (A–D) Cells only (A), secondary
antibody only (B), and mouse IgG1 isotype control antibody (clone MG1-45) at 4 µg/ml (C) and 1 µg/ml (D) were included. (E–J). Purified mAb at
concentrations decreasing by half from 4 to 0.25 µg/ml were tested. Backgating of the antibody-positive population at 2 µg/ml mAb was performed
against the original FSC-A vs. SSC-A profile. All plots were gated on single, live cells as described in Supplementary Figure 1A.
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CD161. This aligns with data from humans suggesting that CD161 is

expressed on a subset of pro-inflammatory NK cells (1).

The expression of CD161 on CD8+ T cells and gdTCR cells was

also shown. Previous studies of bovine PBMCs showed bovine T

cells to have high levels of expression of CD8 (16), whereas NK cells

(17) and NKT-like cells (18) expressed lower levels. Therefore, it is

likely that the CD161HiCD8Lo population, made up almost exclu-

sively of NKp46+, comprises NK or NKT-like cells and that the

CD8HiCD161Lo are CD3+ cytotoxic T cells. Although in humans the

majority of CD8+CD161+ cells are MAIT cells (19), in the human

gut (20) and peripheral blood (21), a subset of CD161IntCD8+ cells

have been described as memory cells. In contrast to the findings in

human peripheral blood (3, 22), no CD161+CD4+ cell subset was

observed in cattle. A number of human studies suggest that

CD161+CD4+ subsets are Th17 cells associated with inflammatory

and autoimmune disorders (23); therefore, these may not be present

in the healthy animals assessed here.

MAIT cells are a population of innate-like T cells that have been

linked to immune responses to infections caused by bacteria such as
Frontiers in Immunology 06
Mycobacterium spp. (24). In previous studies, MAIT cells have been

defined by the use of an MR1 tetramer, which shows highly

conserved reactivity across a number of species (25). Expression

of high levels of CD161 has been described as a defining feature of

human MAIT cells (26). Intriguingly, we did not observe any

CD161HiCD8+ cells, which in humans are predominantly MAIT

cells. Further studies examining CD161 expression in MAIT cells

are therefore required to determine whether its expression differs

between cattle and humans.

Further research into the phenotype and function of distinct

subsets in bovine peripheral blood is now possible due to the

availability of the novel anti-bovine CD161 mAb described here.

This could include the measurement of cytotoxic capability through

the expression of perforin and granzymes, as well as cytokine

production, following stimulation. A specific area of future study

would be the potential role of CD161 in the NK cell-mediated

protective immunity through BCG vaccination. As the only vaccine

currently available to control TB (27), a devastating disease that

affects both humans and cattle worldwide, further understanding of
FIGURE 4

Expression of CD161 on CD4, CD8, and gamma delta (gd) T cells in bovine peripheral blood. To determine the expression of CD161 on T cells,
multicolor flow cytometry was performed. (A–D) Co-expression with NKp46 (A), CD4 (B), gdTCR (C), and CD8 (D) was measured. (E, F) Subsequent
NKp46 expression on the CD8/CD161 subsets was also determined. All plots were gated on single, live cells as described in Supplementary
Figure 1B, and quadrant gates were drawn based on relevant fluorescence minus one (FMO) controls (Supplementary Figure 1C). Representative
example of n = 3 biological replicates.
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the mechanisms involved in the protective response of this vaccine

is vital to inform and influence the development of future targeted

therapeutics and advances in vaccine development.
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SUPPLEMENTARY FIGURE 1

Example flow cytometry gating strategy and FMO controls. An example

gating strategy for the testing of purified monoclonal antibody (mAb) by

flow cytometry is shown (A). Debris is excluded by FSC-A v. SSC-A, single cells
selected by FSC-H v. FSC-A and viable cells determined by Sytox blue. For

multicolor flow cytometry a similar gating strategy is shown (B). Debris is
excluded by FSC-A v. SSC-A, single cells selected by FSC-H v. FSC-A, viable

cells determined by Zombie NIR and the lymphocyte cell region selected by
FSC-A vs. SSC-A. Fluorescent Minus One (FMO) control samples were used to

determine gates applied to multi-color stained samples (C).
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