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Abstract
Background Macrophages residing in milk are vital during intramammary infections. This study sought to develop a 
method enabling the investigation of macrophage responses to pathogens. Streptococcus uberis is the predominant 
cause of bovine mastitis UK-wide and its pathogenesis is unusual compared to other intramammary pathogens. 
Previous studies utilise macrophage cell lines, isolated bovine blood derived monocytes, or macrophages from raw 
milk through complex or inconsistent strategies such as fluorescence activated cell sorting (FACS), centrifugation and 
selective adherence, and CD14 antibody-microbeads. The centrifuge steps required in the initial stages often damage 
cells. Thus, the aim of this study was to develop a reliable, reproducible, and cost-effective method for isolating 
mammary macrophages from milk in a way that allows their culture, challenge with bacteria, and measurement of 
their response ex-vivo.

Results This method achieves an average yield of 1.27 × 107 cells per litre of milk. Whole milk with somatic cell 
range of 45–65 cells/µL produced excellent yields, with efficient isolations accomplished with up to 150 cells/µL. This 
strategy uses milk diluted in PAE buffer to enable low-speed centrifugation steps followed by seeding on tissue-
culture-treated plastic. Seeding 1,000,000 milk-extracted cells onto tissue culture plates was sufficient to obtain 
50,000 macrophage. Isolated macrophage remained responsive to challenge, with the highest concentration of IL-1β 
measured by ELISA at 20 h after challenge with S. uberis. In this model, the optimal multiplicity of infection was found 
to be 50:1 bacteria:macrophage. No difference in IL-1β production was found between macrophages challenged 
with live or heat-killed S. uberis. Standardisation of the production of IL-1β to that obtained following macrophage 
stimulation with LPS allowed for comparisons between preparations.

Conclusions A cost-effective method, utilising low-speed centrifugation followed by adherence to plastic, was 
established to isolate bovine mammary macrophages from raw milk. This method was shown to be appropriate for 
bacterial challenge, therefore providing a cost-effective, ex-vivo, and non-invasive model of macrophage-pathogen 
interactions. The optimal multiplicity of infection for S. uberis challenge was demonstrated and a method for 
standardisation against LPS described which removes sample variation. This robust method enables, reproducible and 
reliable interrogation of critical pathogen-host interactions which occur in the mammary gland.
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Background
Bovine milk contains a variety of immune cells includ-
ing macrophages, neutrophils and lymphocytes. The 
predominant leukocyte are macrophages, constituting 
10–80% of the total cell population in a healthy mam-
mary gland [1]. Macrophages within the mammary gland 
can reside between epithelial cells in the mammary tissue, 
called ductal macrophages, or in the lumen within milk, 
known as bovine mammary macrophages (BMMOs) [2, 
3]. BMMOs are important cells during intramammary 
infection as they function in both the innate and adaptive 
immune responses. In conjunction with epithelial cells, 
macrophages can act innately through the phagocytosis 
of invading pathogens and secretion of pro-inflammatory 
mediators. Additionally, macrophages play a role in the 
adaptive immune response by acting as antigen present-
ing cells to lymphocytes, including T-cells [1, 3–5].

Intramammary bacterial infection is considered to be 
the main cause of bovine mastitis with more than 135 
bacterial species identified as causative agents [6, 7]. 
Streptococcus uberis is the predominant cause of bovine 
mastitis in the UK [8, 9]. Previous studies have outlined 
how S. uberis pathogenesis differs compared to other 
intramammary pathogens. Moyes et al., [10] showed the 
responses from mammary epithelial cells obtained dur-
ing experimental intramammary infection were consis-
tent with stimulation by activated macrophages rather 
than direct stimulation by bacteria. Consistent with this 
observation, Günther et al., [11], demonstrated in vitro 
that S. uberis failed to induce innate responses in pri-
mary mammary epithelial cells, but did induce responses 
from macrophages derived from blood, an observa-
tion subsequently reproduced in macrophages obtained 
from bovine milk [12]. S. uberis stimulates activation of 
the transcription factor, NF-κB (nuclear factor kappa 
B), within BMMOs, which translocates into the nucleus 
and upregulates transcription of immune genes, includ-
ing interleukin-1 beta (IL-1β) [11]. Challenge of isolated 
BMMOs with S. uberis strain 0140J increased concentra-
tion of IL-1β after 24 h compared to no treatment [12]. 
Therefore, the immune response from BMMOs can be 
measured by determining the production of IL-1β.

Previous studies have used both the murine mammary 
macrophage cell line, RAW 246.7 [13], and bovine blood 
derived monocytes. Peripheral blood mononuclear cells 
(PBMCs) isolated from bovine blood samples were incu-
bated in non-adherent Teflon bags for 7–8 days to allow 
monocyte differentiation into mature macrophages. Cell 
suspensions were then seeded into culture plates/dishes 
and macrophages were purified through selective adher-
ence. As macrophages are the only adherent cells within 
the PBMC population, contaminating lymphocytes were 
washed away and the adherent macrophages remained 
[14–17].

Alternatively, monocytes were positively selected from 
isolated PBMCs using mouse anti-human CD14-coupled 
microbeads and magnetic activated cell sorting columns. 
CD14 (cluster of differentiation 14) is highly expressed 
on bovine monocytes and macrophages and so is com-
monly used to differentiate these cell populations [18, 
19]. Purified monocytes were plated and differentiated 
into macrophages by the addition of 10 ng/mL recom-
binant bovine macrophage colony-stimulating factor 
(M-CSF) [20, 21]. Although the use of blood monocytes 
is an improvement in comparison to RAW 246.7 cells as 
it avoids the issues that arise with immortalisation of cells 
and is of bovine origin, these cells have not undergone 
differentiation into mammary specific macrophages and 
as a consequence, these cells may act differently [11].

This issue was overcome by extracting cells from raw 
bovine milk, generating an ex vivo model from the same 
population of cells normally present in the bovine mam-
mary gland. Milk was diluted in either PBS, PAE buffer 
(PBS, acid-citrate dextrose, EDTA) or PBS/EDTA/TE 
buffer; centrifuged; the fat layer and supernatant dis-
carded and the pellet washed [12, 16, 22]. Several meth-
ods were used to subsequently isolate BMMOs. These 
included BMMO identification through fluorescence-
activated cell sorting (FACS) with mouse anti-human 
CD14 antibodies [18, 22], selective adherence [16] or 
mouse anti-human CD14 microbeads [12]. Another 
method isolated BMMOs from milk diluted with MGS 
(modified Gey’s balanced salt solution) and metrizamide 
(density gradient medium for centrifugation) and col-
lected the bottom 10 mL after centrifugation in fractions 
of 1–3 mL by aspiration. Macrophages were identified by 
morphology and the yellow-reddish cytoplasm after acri-
dine orange staining due to the high RNA content [23].

The ability to reliably and reproducibly isolate BMMOs 
from bovine milk would provide a non-invasive meth-
odology to investigate bovine macrophages and specifi-
cally to analyse the interactions of this population of cells 
with invading pathogens. Due to the variation of the iso-
lation methods within the literature, and in some cases 
their reliance on poorly described antibody reagents, 
the aim of this study was to develop a reliable method 
to reproducibly isolate BMMOs from bovine milk and 
demonstrate their utility by challenge with an important 
mammary pathogen, S. uberis.

Results
Isolation of BMMOs
The somatic cell count (SCC) of each bulk milk sample 
was determined prior to isolation of leukocytes and num-
ber of isolated and washed cells similarly determined to 
estimate the efficacy of the isolation process. Cell isola-
tion was reliable using milk over the SCC range of 20–200 
cells/µL but could be considered optimal using milk with 
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a SCC < 100 cells/µL (Fig. 1). A weak negative correlation 
was found between the SCC of whole milk and the iso-
lated cell yield (r = -0.58) with a weak coefficient of deter-
mination (R2 = 0.24). The isolation process was conducted 
on 96 separate 3 L bulk milk samples obtained from the 
University of Nottingham Dairy herd located at the Cen-
tre for Diary Science Innovation (CDSI) between Sep-
tember 2020–2023 (Supplemental Table 1).

The SCC of the bulk milk samples used varied from 20 
to 190 cells/µL, no significant difference in the SCC with 
seasonality was detected (Fig.  2A). On average (n = 96), 
3.8 × 107 cells were isolated from 3  L of milk contain-
ing 2.3 × 108 cells, representing an average yield of 19.1% 
of the total cell population. The efficiency of isolation 
ranged from a yield of 6.5% (from a milk sample with a 
SCC of 196 cells/µL) to 47.9% (from a milk sample with 
a SCC of 160 cells/µL) (Fig.  2B; Supplemental Table 1). 
A weak positive correlation was found between the SCC 
of whole milk and the number of isolated cells obtained 
(r = 0.51) with a weak coefficient of determination 
(R2 = 0.15) (Fig. 2C).

The isolated cells (100,000 cells) were plated onto plas-
tic and those immobilised on plastic (BMMOs) after 18 h 
released to determine the actual number of BMMOs per 

well. Typically, plating in this manner yield an adherent 
population of ~ 50,000 cells per well (Fig. 2D).

The percentage of CD14 + cells within the isolated cell 
population and the BMMO population was determined 
using flow cytometry analysis. CD14 + cells contributed 
27% (Fig.  3A) of the isolated cell population and 63% 
(Fig. 3B) of the isolated BMMOs.

Optimal challenge parameters
After establishing the method for isolating BMMOs, the 
specific parameters to evaluate the macrophage immune 
response to S. uberis needed to be determined to produce 
consistent and reproducible data. Initially the optimal 
timepoint to evaluate the immune response was calcu-
lated. Isolated BMMOs were challenged with heat-killed 
S. uberis strain 0140J and the IL-1β concentration was 
measured every 2  h over a 24  h period (Fig.  4). IL-1β 
production from BMMOs initially increased to ~ 45 pg/
mL at 4 h, which steadily decreased to ~ 7 pg/mL at 12 h. 
IL-1β production from BMMOs then peaked at ~ 75 pg/
mL at 20  h followed by another decrease in IL-1β con-
centration to 24  h. The highest concentration of IL-1β 
was measured at 20 h.

Stimulated BMMOs from each milk cell preparation 
were found to produce different concentrations of IL-1β. 

Fig. 1 Correlation between whole milk SCC and isolated cell yield. 3 L of milk was collected from bulk tank between 2020–2023 and the somatic cell 
count (SCC) per µL was measured using a DeLaval cell counter. Graph was determined using data provided in Supplemental Table 1. Association between 
the SCCs from whole milk and isolated cell yield were determined using Spearman rank-order correlation coefficient (weak negative correlation, r = -0.58). 
Nonlinear regression calculated the curve of best fit and the coefficient of determination (R2 = 0.24)
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Comparability between datasets was determined by mea-
suring the IL-1β produced from BMMOs (isolated from 
five different milk samples) following challenge with S. 
uberis strain 0140J (Fig.  5A) and standardising these 
values to the corresponding IL-1β concentration follow-
ing LPS stimulation (Fig.  5B). These data showed that 
despite the differing concentrations in IL-1β produced 
from BMMOs stimulated with LPS (51–182 pg/mL) and 
S. uberis strain 0140J (31–121 pg/mL), standardisation 
resulted in a consistent ratio of IL-1β produced by LPS 
and S. uberis strain 0140J. Challenge of BMMOs with S. 
uberis strain 0140J resulted in an IL-1β concentration at 
60–65% of that obtained from LPS stimulation.

The optimal multiplicity of infection (MOI) of S. uberis 
strain 0140  J to BMMOs needed to be determined to 
accurately measure the immune response. Isolated 
BMMOs were challenged with varying MOIs of heat-
killed S. uberis strain 0140J at 1:1, 10:1, 50:1 and 100:1. 

S. uberis strain 0140J:BMMO and the IL-1β concentra-
tion produced was measured by ELISA 20, 22 and 24 h 
after challenge (Fig. 6). Results were standardised to the 
LPS positive control at 20 h. S. uberis strain 0140J caused 
BMMOs to produce 23%, 50%, 65% and 84% IL-1β at 1:1, 
10:1, 50:1 and 100:1 respectively at 20  h compared to 
that obtained from LPS stimulation. The concentration 
of IL-1β produced from BMMOs 20  h after challenge 
with S. uberis at an MOI of 100:1 was significantly higher 
than that obtained at an MOI of 50:1 (P < 0.0001), which, 
in turn, was significantly greater than that at an MOI of 
10:1 (P < 0.001). However, there was no significant dif-
ferences in the concentration of IL-1β produced from 
BMMOs 22 h after challenge with S. uberis at an MOI of 
100:1, 50:1 nor 10:1. At 24 h the concentration of IL-1β 
produced from BMMOs challenged with S. uberis was 
only significantly greater at an MOI of 100:1 compared to 
that obtained at 50:1 (P < 0.01). Therefore, an MOI of 50:1 

Fig. 2 Cell numbers in milk, isolated cells and seeded BMMOs. 3 L of milk was collected from bulk tank between 2020–2023 and the somatic cell count 
(SCC) per µL was measured using a DeLaval cell counter. Milk was discarded if the SCC was > 200 cells/µL. Graphs were determined using data provided 
in Supplemental Table 1. A) Milk SCCs were divided seasonally and presented as mean with N = 24. Normality was determined by the Shapiro-Wilk test. 
Data were found not to be normally distributed and so was statistically analysed using a Kruskal-Wallis with Dunn’s multiple comparison post hoc test. 
No significant differences (ns) were found between seasons. B) SCCs were determined in whole milk (3 L) and following the cell isolation protocol, the 
isolated cell count in 50 mL PBS suspension. C) Association between the SCCs from whole milk and isolated cells were determined using Spearman rank-
order correlation coefficient (weak positive correlation, r = 0.51). Nonlinear regression calculated the line of best fit and the coefficient of determination 
(R2 = 0.15). D) Number of isolated bovine mammary macrophages (BMMOs) were counted per well. Data (B and D) is presented as the medium, including 
upper and lower quartiles, with N = 96
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S. uberis strain 0140 J:BMMO was determined as optimal 
in measuring IL-1β production from BMMOs 20 h after 
challenge with S. uberis.

BMMOs were challenged with either live or heat-killed 
(30 min at 63 °C) S. uberis strain 0140J and the concentra-
tion of IL-1β was measured 4 h after challenge. The data 

showed that there was no statistically significant differ-
ence between IL-1β concentration produced by BMMOs 
stimulated with live or heat-killed S. uberis strain 0140J 
(Fig. 7).

Discussion
BMMOs are involved in initiating the host response dur-
ing intramammary infection with S. uberis and the abil-
ity to investigate their functions ex vivo is required for 
progression of research on the immunopathogenesis 
of bovine mastitis. However, no standardised method 
for isolating and evaluating the BMMO response has 
been established. Therefore, the aim of this study was to 
determine a reliable and reproducible method for isolat-
ing and measuring the response of BMMOs to bacterial 
challenge.

A variety of cells have been used experimentally to 
investigate mastitis pathogenesis. This includes the 
murine macrophage cell line RAW 246.7 [13], bovine epi-
thelial cell line MAC-T cells [24, 25] and blood derived 
bovine macrophages [11, 14–17]. Traditionally, macro-
phages have been classified as M1 or M2 depending on 
whether they act in a pro- or anti- inflammatory manner. 
More recent developments in the field depict that this 
is a restrictive method of classification as macrophages 
are often completely different depending on their envi-
ronmental niche and specific cellular properties with 
modern single-cell profiling techniques demonstrating 

Fig. 4 IL-1β produced from BMMOs over 24 h following challenge with 
S. uberis strain 0140J. Bovine mammary macrophages (BMMOs) were iso-
lated from milk and seeded into culture dishes at ~ 50,000 BMMOs/well. 
BMMOs were challenged with heat-killed S. uberis strain 0140J at a mul-
tiplicity of infection (MOI) of 50:1 0140  J:BMMO. Supernatants were col-
lected and the concentration of IL-1β was measured by ELISA every 2 h 
over a 24 h period. Data is presented as mean ± SD with N = 6

 

Fig. 3 Percentage of CD14 + cells. Flow cytometry analysis was used to determine the percentage of CD14 + cells in the isolated cells (A) and bovine 
mammary macrophage (BMMO) (B) populations. The CD14 + population was determined using CD14-PeCy7 antibody and FACS
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that M1 and M2 genes are often co-expressed [26]. This 
underpins the importance of using macrophages from 
the bovine mammary gland, as they are likely to generate 
a different response to macrophages differentiated from 
blood monocytes. This is evident as toll-like receptor 2 
(TLR2) was concluded to be involved in the recognition 
of S. uberis when conducted in a murine model [27], 
which was subsequently shown not to be the case in the 
context of primary bovine cells [11].

Archer et al., [12] utilised BMMOs from milk, gener-
ating an ex vivo model. However, in the present work, 
isolation of BMMOs using the human CD14 bead kit 
produced inconsistent results, as the beads appeared no 
longer cross react with bovine samples, potentially due 
to a change in antibody used within the kit. Additionally, 
although some studies isolated BMMOs through FACS, 
this method was avoided to provide an isolation method 

for institutions where these facilities are unavailable [18, 
22].

The final protocol developed here exploited the fact 
that macrophages readily stick to plastic while other leu-
kocytes do not [28]. During development of this method, 
the isolated cells were initially incubated in a tissue cul-
ture flask and the non-adherent cells discarded with a 
view to being able to quantify the BMMOs subsequently 
released from the plastic to standardise for onward inves-
tigations. However, following removal of the BMMOs 
with ice-cold PBS, these cells showed reduced adherence 
and activity rendering them less useful for investiga-
tion. A similar issue was also reported by Fleit et al., [28]. 
Consequently, in the final protocol, cells isolated from 
milk were added directly to culture dishes to immobilise 
BMMOs and retain their activity in subsequent assays. 
In accordance with the literature, isolated cells were 

Fig. 5 Raw IL-1β concentration vs. IL-1β concentration standardised to LPS. Bovine mammary macrophages (BMMOs) were isolated from milk and 
seeded into culture dishes at ~ 50,000 BMMOs/well. BMMOs were challenged with heat-killed S. uberis strain 0140J at a multiplicity of infection (MOI) of 
50:1 0140J:BMMO. Supernatants were collected 20 h after challenge and the concentration of IL-1β was measured by ELISA. BMMOs were stimulated 
with LPS as a positive control (10 ng/mL). Raw IL-1β concentration was measured from 5 different milk collections (A) and standardised to IL-1β produced 
from BMMOs stimulated with LPS in each corresponding milk collection (B). Data is presented as the mean ± SD with N = 6. C) For each milk collection, the 
somatic cell count (SCC) per µL was measured using a DeLaval cell counter on whole milk and cells/µL on obtained isolated cells. The total cell numbers 
were calculated in 3 L milk and isolated cells in 50 mL PBS. The yield was calculated for the percentage of isolated cells obtained from whole milk. Follow-
ing the BMMO isolation protocol, the numbers of macrophages/well were calculated using a haemocytometer
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incubated for varying times (3-18 h) to allow the BMMOs 
to adhere. Evidence of BMMO adherence was observed 
after 4 h, however, incubation for 18 h was deemed opti-
mal for BMMO adherence [14–17].

Bovine milk contains a complex cell population. This 
population includes macrophages, neutrophils and lym-
phocytes. The proportion of BMMOs within milk varies, 
estimates within the literature indicate proportions rang-
ing between 10 and 80% of the total cell population in a 
healthy mammary gland [1, 29]. CD14 is a glycoprotein 
expressed on monocytes, macrophages, and to a lesser 
extent neutrophils, and is involved in receptor bind-
ing to invading pathogens as part of the innate immune 
response [30]. The prevalence of CD14 is well estab-
lished in mouse and human models, however it is not 
well characterised in BMMOs. FACS analysis found 63% 
of the adherent cells (BMMOs) were CD14+ (Fig.  3B). 
CD14 expression has been shown to fluctuate over time, 
with a proportion of macrophages being CD14 negative 
[31–34]. Also, removal of BMMOs from culture dishes, 
even using ice-cold PBS along with the vigorous washing 
required, may result in damage to the cells, reducing the 
representation of CD14. Consequently, we can conclude 

that at least 63% of the immobilised cells (BMMOs) were 
CD14+.

It was found that BMMOs isolated from different milk 
samples on different days produced different concentra-
tions of IL-1β following stimulation with S. uberis strain 
0140J (Fig.  5A). This resulted in issues comparing data 
between cell preparations/experiments. This did not sim-
ply reflect difference in the number of BMMOs immo-
bilised, as a simple relationship between cell number 
and production of IL-1β was not evident (Fig. 5; sample 
A produced lower levels of IL-1β than sample B despite 
a greater number of BMMOs, 55,557/well (sample A) 
compared to 49,170/well (sample B)). This probably indi-
cated a complex situation relating to both cell number 
and intrinsically retained activity of the cell population 
following isolation. Standardisation of activity (in our 
case production of IL-1β) to our experimental challenge 
with S. uberis strain 0140J with that obtained following 
stimulation with a standard dose of LPS (Fig. 5B) yielded 
very consistent data (Fig. 5). This indicated that although 
each preparation of BMMOs produced different concen-
trations of IL-1β, the consistent ratio between IL-1β con-
centration after LPS and S. uberis strain 0140J suggested 
this related to both the quality and quantity of cells used. 

Fig. 6 S. uberis MOI of BMMOs. Bovine mammary macrophages (BMMOs) were isolated from milk and seeded into culture dishes at ~ 50,000 BMMOs/well. 
BMMOs were challenged with heat-killed S. uberis strain 0140 J at a multiplicity of infection (MOI) of 1:1, 10:1, 50:1 and 100:1 S. uberis strain 0140 J:BMMO. 
Supernatants were collected at 20, 22 and 24 h after challenge and the concentration of IL-1β was measured by ELISA. BMMOs were also unstimulated 
in a no treatment group and this mean was deducted from the other values, which were then standardised to the LPS positive control (10 ng/mL) at 
20 h. Data is presented as mean of this ratio ± SD with N = 6. Shapiro-Wilk determined the data to be normally distributed and so was statistically analysed 
using a two-way ANOVA with Tukey’s multiple comparison post hoc test (***P < 0.001 and **P < 0.01 compared to 50:1 at the corresponding time; ns = not 
significant)
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Removing the sample variation through this standardisa-
tion allowed for data to be compared between cell prepa-
rations, increasing the utility of the cells prepared/used 
according to this protocol.

Archer et al., [12] measured the IL-1β concentration 
24 h after challenge to evaluate the immune response. To 
determine the optimal time to focus recording the IL-1β 
concentration. In this study, two peaks in IL-1β produc-
tion were observed at 4 and 20  h, with the latter being 
the greatest (Fig.  4). Macrophages detect pathogens 
through a variety of methods resulting in downstream 
signalling pathways that increase pro-IL-1β transcription, 
and processing via the NLRP3 inflammasome, ultimately 
resulting in the release of IL-1β in its active, pro-inflam-
matory form [35, 36]. Macrophages also express cytokine 
receptors that amplify the macrophage response. There-
fore, the binding of secreted IL-1β to IL-1 receptors on 
neighbouring cells would create a positive feedback loop 
activating more macrophages resulting in production of 
further IL-1β. Hence, our interpretation of these data is 

that the first peak likely represents the initial secretion of 
IL-1β in response to the pathogen and the second peak 
is the enhanced response to the pathogen and the ini-
tially released IL-1β [36, 37]. Therefore, for the maximal 
response, IL-1β should be measured at 4 or 20  h post 
challenge.

As well as the optimal time to measure the BMMO 
immune response to S. uberis, the optimal MOI was 
determined (Fig.  6). An MOI of 50:1 was selected as 
optimal as this challenge dose produced a reproducible 
response of 60–65% of that obtained with a standard dose 
of LPS. This allowed for reliable measurement of both 
greater and lower production of IL-1β within the range of 
the positive control condition (challenge with LPS) dur-
ing the subsequent investigation. Challenge with MOIs 
10:1, 50:1 and 100:1 resulted in significantly different lev-
els of IL-1β at 20 h after challenge, further indicating that 
the measurement of IL-1β concentration using an MOI 
of 50:1 at 20 h post challenge was optimal to investigate 
changes (higher and lower) in the production of IL-1β.

To accurately control the S. uberis strain 0140J:BMMO 
MOI throughout the 20 h after challenge, IL-1β concen-
tration was measured following challenge with either live 
or heat-killed S. uberis strain 0140J. No significant dif-
ference was found, implying that this reaction was not 
dependent on or enhanced by factors secreted by live 
bacterial cells. Günther et al., [11] also reported no dif-
ference between live or heat-killed S. uberis in inducing 
expression of immune genes in primary bovine mam-
mary epithelial cells. Use of killed bacterial challenge, 
removes the variability of bacterial number that may 
occur due to bacterial growth and permitted experiments 
to be conducted in the presence of antimicrobials allow-
ing comparisons between datasets and analysis of the 
BMMO immune response.

Conclusion
A method based on cell isolation and adherence to plas-
tic was established to isolate a yield of approximately 
1.8 × 106 BMMOs from 3 L of raw bovine milk. Seeding 
of approximately 50,000 BMMOs/well into each com-
partment of a 24-well culture dish produced reliable and 
reproducible data with regard to production of IL-1β 
in response to challenge with S. uberis compared to a 
standard dose of LPS. This standardised approach will 
allow for further research to be conducted regarding the 
BMMO response to intramammary pathogens, utilising 
macrophages specifically differentiated in the mammary 
gland niche.

Methods
Isolation of BMMOs from milk
Raw milk was collected from bulk tank at the University 
of Nottingham, Sutton Bonington campus dairy centre. 

Fig. 7 Live vs. heat-killed S. uberis strain 0140J. Bovine mammary macro-
phages (BMMOs) were isolated from milk and seeded into culture dishes 
at ~ 50,000 BMMOs/well. BMMOs were challenged with live or heat-killed 
(30 min at 63 °C) S. uberis strain 0140J at a multiplicity of infection (MOI) 
of 50:1 S. uberis strain 0140 J:BMMO. Supernatants were collected 4 h after 
challenge and the concentration of IL-1β was measured by ELISA. BMMOs 
were also unstimulated in a no treatment group and this mean was de-
ducted from the other values, which were then standardised to the LPS 
positive control (10 ng/mL). Data is presented as mean ± SD with N = 3 
(normally assumed) and statistically analysed using an unpaired t-test 
(ns = not significant)
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The somatic cell count (SCC) was determined using a 
DeLaval Cell Counter (DCC). Intramammary infection 
is often accompanied by an elevation in the SCC. Con-
sequently, milk with a SCC > 200 cells/µL was discarded. 
Milk with a SCC of < 200 cells/µL was processed to obtain 
the milk cell population. Equal volumes of milk and PAE 
buffer (PBS + 10% acid-citrate dextrose (citric acid, Sigma, 
33,114; tris-sodium citrate, Fisher Chemical, S/P500/53; 
D-(+)-glucose, Sigma, G7528) + 20 mM EDTA (Thermo 
Scientific, J15694-AP) were centrifuged (40  min, 600xg) 
at 15 °C, with acceleration 9 and deceleration 1 (Thermo 
Scientific, Megafuge™ 16R). The pellet was resuspended 
and washed with PBS and cells obtained by centrifuga-
tion (10  min, 300xg) at 15  °C, with acceleration 9 and 
deceleration 5. Cells were then washed twice in PBS with 
the addition of 2% antibiotic-antimycotic (Sigma, A5955) 
and 0.5 µg/mL Amphotericin B (Gibco, 15,290,018) and 
cell density was measured (DCC). Finally, cells were 
resuspended in IMDM (Iscove’s modified Dulbecco’s 
medium) containing L-glutamate and 25 mM HEPES 
(Gibco, 12440-046) + 10% foetal bovine serum (FBS, 
Sigma, F7524) + 2% antibiotic-antimycotic + 0.5  µg/mL 
Amphotericin B and plated at a density of 1 × 106/well in 
a Nunc™ 24-well cell culture treated plate (Thermo Sci-
entific, 142,475) and incubated overnight (18 h) at 37 °C 
and 5% CO2.

Media was removed and each well was washed with 
PBS heated to 37  °C to remove any nonadherent cells, 
leaving only the adhered BMMOs. Three wells were set 
aside for each plate where, following disposal of nonad-
herent cells, BMMOs from these wells were removed 
using ice cold PBS and the cell number calculated using 
a haemocytometer (Marienfeld, 0640030) to verify the 
number of BMMOs in each well (~ 50,000). Cell viability 
was assessed by exclusion using 0.4% trypan blue solu-
tion (Sigma, T814) (92–94%) and consistent macrophage 
morphology was observed.

Flow cytometry
A sample of isolated somatic cells and BMMOs were col-
lected and washed three times by centrifugation at 300xg 
for 5 min and resuspended in FACS buffer (0.5% Bovine 
Serum Albumin (BSA, Fisher Scientific, BP1605) in PBS). 
1 µg PE-Cy7 mouse anti-human CD14 (BD Pharmingen, 
560,919, clone M5E2) was incubated with 100 µL of each 
sample for 1 h at room temperature in the dark. Washing 
was repeated followed by incubation in 4% paraformalde-
hyde (Sigma, 100,496) for 15  min at room temperature. 
Samples were centrifuged and resuspended in ice cold 
PBS and stored at 4  °C in the dark until analysed on a 
CytoFLEX S flow cytometer (Beckman Coulter).

Bacterial culturing conditions
S. uberis strain 0140J (strain ATCC BAA-854/0140J), 
originally isolated from a clinical case of bovine mastitis 
in the UK, was cultured in Brain Heart Infusion (BHI) 
media (Oxoid, CM1135) at 37 °C overnight. Bacterial cul-
tures were washed 3 times in PBS at 5,000xg for 3  min 
and then heat-killed at 63  °C for 30  min. Cultures were 
resuspended in IMDM at an optical density (OD) of 1 at 
600 nm wavelength.

BMMO challenge
Following isolation, BMMOs were challenged with 
either live or heat-killed S. uberis strain 0140J at a mul-
tiplicity of infection (MOI) of 1:1, 10:1, 50:1 or 100:1 
bacterium:BMMO and lipopolysaccharide (LPS) (10 ng/
mL; isolated from E. coli 0111:B4, Millipore, LPS25) as 
a positive control and IL-1β measured up to 24  h after 
challenge.

ELISA
Bovine IL-1β was detected by ELISA using the Invitrogen 
Reagent Kit (ESS0027) following manufacturer’s instruc-
tions. Coating antibody was diluted in BupH Carbonate/
Bicarbonate Buffer (0.2 M, Invitrogen, 28,382) and incu-
bated overnight at room temperature in 96-well plates 
(Thermo Scientific, clear flat-bottom immune nonster-
ile, 3355). Plates were aspirated and incubated for 1 h at 
room temperature in blocking buffer (4% BSA and 5% 
sucrose (Sigma, S0389) in PBS). Wells were washed with 
PBS + 0.05% Tween-20 (Sigma, P1379) and the detection 
antibody and streptavidin-HRP (horseradish peroxidase) 
were diluted in reagent diluent (4% BSA in PBS).

Absorbance was measured at wavelengths of 450 and 
550 nm using a Varioskan® Flash multimode plate reader 
(Thermo Scientific). Optical imperfections were cor-
rected for by subtracting the 550  nm reading from the 
450  nm. A standard curve was generated and sample 
IL-1β concentrations were interpolated.

Statistical analysis
Data were analysed using GraphPad Prism 10. To deter-
mine if data were normally distributed a Shapiro-Wilk 
test was used. Normally distributed data were statisti-
cally analysed using either a 2-way ANOVA with Tukey’s 
multiple comparisons post hoc test or an unpaired t-test. 
When data were found not to be normally distributed, a 
Kruskal-Wallis with Dunn’s multiple comparisons post 
hoc test was used to determine significance. A value of 
P ≤ 0.05 was considered to indicate a statistically signifi-
cant difference. Spearman rank-order correlation coeffi-
cient was used to determine association, with nonlinear 
regression to calculate coefficient of determination. Flow 
cytometry data were analysed using FlowJo v10.9.0.
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