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Abstract

Piglets are highly vulnerable to infections, but colostrum provides them with some protec-

tion. The function of colostrum components is unknown, as is if the amount and subsets of

leukocytes in colostrum differ between gilts and sows. This study serially characterized leu-

kocyte populations in colostrum for differential leukocyte counts. Differences in humoral and

cellular composition of colostrum between 40 gilts and 40 sows (parities orders 3–4) from a

commercial herd were examined. Flow cytometry is a useful tool to identify and quantify leu-

kocyte subsets in sow colostrum. Overall, there were no (p� 0.05) parity differences in total

macrophages, granulocytes, and T and B cells. However, the sows’ colostrum presented

significantly higher (p� 0.05) T lymphocyte subsets than gilts, such as central memory

CD4+T cells, effector memory CD4+T cells, and central memory CD8+T cells. Among B-lym-

phocytes, percentages of SWC7+CD5+ cells were significantly higher in sow colostrum than

in that of gilts. As expected, IgG concentrations were significantly higher in sows than in

gilts. Colostrum from sows had significantly greater mitogenic activity than colostrum from

gilts and this fact can be associated with the potential to accelerate the maturation of a new-

born’s gastrointestinal tract. Our findings suggest that parity order may be one among other

factors influencing the cell population and, consequently, the immune adaptive response in

piglets that induces neutralizing antibodies and cellular immune responses to antigens.

Introduction

Newborn piglets go from a sterile or extremely low density intrauterine microbiome environ-

ment to an antigen-rich external environment, so that they need an adequate immunologic

response to survive [1,2]. At birth, piglets have very limited body reserves [1] and, due to the

epitheliochorial structure of the placenta, they don’t receive antibodies prenatally [3]. As such,

they are born agammaglobulinemic, with limited cell-mediated immunity and no effector and

memory T lymphocytes. Therefore, piglets are extremely dependent on the acquisition of

maternal immunity via colostrum. During this period, immunity passively transferred through
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colostrum is crucial in the interval between exposure to pathogenic microorganisms and devel-

opment of an effective immunologic response.

Immunomodulatory and antimicrobial factors, including antibodies and a variety of cells,

are integral parts of colostrum [3–5]. It is thought that immunoglobulin G (IgG) is concen-

trated from the blood to colostrum in the duct gland via a neonatal Fc receptor (FcRn) depen-

dent mechanism [6]. Also, lymphocytes derived from the common mucosal system migrate to

the duct gland and may be found in colostrum [7].

It has been documented that colostrum yield and composition are often influenced by vari-

ous characteristics of the sow and litter, including dam parity order [8]. In general, IgG con-

centrations in colostrum at parturition are also altered by parity; IgG concentrations in sows

with>3rd parity are greater when compared to first parity sows 24 h postpartum [9,10].

Several authors have investigated the cellular composition of colostrum [11–14] and milk

[15]; but, to the best of our knowledge, the evaluation of the major lymphocyte subsets in swine

colostrum have not been entirely evaluated. The T cell population in colostrum has been investi-

gated in some studies [4,16–18]. Colostrum is composed of a high number of leukocytes, mainly

macrophages and neutrophils. Neutrophils are thought to play a principal role in protecting the

sow instead of contributing to the development of the piglets’ immune system. Since the pri-

mary report about the presence of both CD3+/CD4+ (helper/inducer) and CD3+/CD8+ (cyto-

toxic/suppressor) T cells in colostrum, T lymphocytes reflect the physiologic and immunologic

conditions of the sow and could be involved in the early immunologic response of piglets [5,12–

15,19]. However, attention should be paid to the fact that T lymphocytes failed to randomly

accumulate in colostrum but rather their presence is the result of a selective homing process. In

vitro proliferation assays have shown that T lymphocytes in colostrum respond selectively to

enteric microbial antigens [20]. Some research groups indicate that maternal lymphocytes from

colostrum are functional and have antigen-specific activity in some organs, because the cells are

able to cross the intestinal epithelial barrier of neonatal piglets and migrate via blood to periph-

eral tissues, such as the spleen, liver, lungs and lymph nodes [16,21]. The relationship between

the presence of B cells and their subsets in colostrum and milk is practically unknown. The

mammary duct gland contains an extravascular population of B lymphoblasts, precursors of the

immunoglobulin plasma cells, which plays a key role in the passive protection of neonates by

secreting immunoglobulins into colostrum and milk [22,23].

Cell-mediated immunity is an important contributing factor for disease control of colos-

trum immune cells that has been overlooked in favor of non-cellular factors such as immuno-

globulins [4]. Regarding mammary secretions, the cell types found vary within the species; in

swine, colostrum cells are composed mainly of polymorphonuclear cells [24] and to a lesser

extent, lymphocytes (B and T cells). Passively transferred lymphocytes from sows to offspring

reach the circulatory system and can proliferate and participate in Mycoplasma hyopneumo-
niae specific immunity in piglets [18]. Cell-mediated immunity has been investigated in neo-

nate calves vaccinated against tetanic toxoid and treated with different colostrum sources. The

authors observed that colostrum leukocytes are beneficial to neonate T cell responses [25].

Hence, this study aimed to compare immunoglobulin content and immune cell population

in the colostrum of gilts and sows right after farrowing and to characterize their subsets of lym-

phocytes and mitogenic activity.

Materials and methods

Animals

This study was approved by the Ethical Committee for Animal Experimentation of Embrapa

Suı́nos e Aves (protocol No. 001/2016). The experiment was conducted on 80 crossbred
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Landrace 3Large White (LR3LW) dams, being 40 gilts and 40 sows (third and fourth parity).

During gestation, sows were housed individually on a slatted floor. Sows were weighed just

before being transferred to the farrowing room one week before the expected farrowing date.

Sows had free access to water and were fed twice a day on a traditional gestation diet. The ges-

tation diet was provided until the second day of lactation.

Farrowing management and sample collection

The farrowing process was induced by injection of an analogue of prostaglandin F2a (Alfabé-

dyl1, CEVA Santé Animale, Libourne, France, 1 mL intramuscular) on the 113th day of gesta-

tion, except when parturition had already started or was imminent. Oxytocin was not

administered during parturition since it interferes with mammary secretion. Colostrum was

manually collected into sterile 50-mL conical tubes from all functional teats up to a final vol-

ume of 25–30 mL, just after the birth of the first piglet. In order to minimize colostrum con-

tamination, teats were previously scrubbed with iodine alcohol and handling was performed

wearing disposable latex gloves.

All sows were evaluated to exclude the possibility of puerperal disorders, mainly mastitis-

metritis-agalactia syndrome. Thus, rectal temperature postpartum (> 39.5˚C), feed consump-

tion, cell count (> 107/mL), and colostrum pH (> 6.7) were measured [26,27]. All animals

were then housed for use in further research.

Cell viability measurement

Cell suspensions were counted using an automated Coulter counter (Orflo Moxi Z, USA) and

analyzed by a single operator using a Neubauer hemocytometer. Each sample was mixed with

a 0.4% trypan blue (Sigma Chemical Co., Germany) solution at a ratio of 1:2 (v/v). Cell con-

centration corresponded to the average of all four sets of squares evaluated considering the vol-

ume of the Neubauer chamber and dilution. Trypan blue stained cell counts were used to

determine the concentration of non-viable cells. The proportion of non-viable cells was calcu-

lated based on the number of trypan blue stained cells (non-viable) compared to total cells.

Preparation of cells for flow cytometry

Colostrum samples were diluted 1:3 (v/v) in phosphate-buffered saline (PBS; Gibco) contain-

ing 5% fetal bovine serum (FBS; Sigma-Aldrich). They were centrifuged for 20 min (1300xg at

room temperature) and the upper fat layer was discarded afterwards [12]. Cell densities were

calculated and adjusted to 2 x 107 cells/mL, and 50 μL was transferred to wells of a 96-well

round-bottom microtiter plate (approximately 1–2 x 106/well).

Cell staining with antibodies

Antibodies raised against porcine leukocyte antigens were purchased from BioRad Serotec

(Oxford, UK), and the stabilizing fixative, FACSLyse and compensation beads were purchased

from BD (North Ryde, Australia). The flow cytometry buffer was prepared in PBS supple-

mented with heat inactivated FBS (2% v/v), bovine serum albumin (2% w/v, Sigma-Aldrich)

and sodium azide (0.01% w/v, Sigma-Aldrich). Cells were then treated with 10% (v/v) normal

mouse serum to block unoccupied binding sites on secondary antibodies and stained with spe-

cific monoclonal antibodies (mAb), which were chosen according to Dawson and Lunney

[28]. Despite the high homology for some orthologous proteins, there is still uncertainty in

their nomenclature [28]. Therefore, these clusters are named as swine workshop clusters

(SWC) and their CD marker orthology is in parentheses.
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Colostrum cells (suspended in a flow cytometry buffer at approximately 1 x 106 cell/mL)

were incubated for 30 minutes at room temperature with a cocktail of specific mAb. Our ulti-

mate goal was the development of a 4-color flow cytometry panel to assess major lymphocyte,

monocyte, granulocyte and NK cell populations. The following fluorochrome-labeled mAbs

were used: panel A): 7-AAD (BD Biosciences); panel B): FITC-granulocyte (clone 6D10),

RPE-CD79a (clone MB-1), PE-Cy7-CD3 (clone PPT3), APC-macrophages (clone BA4D5);

panel C): FITC-CD45RA (clone MIL13), RPE-CD4alpha (clone MIL17), PE-Cy7-CD3 (clone

PPT3), APC-SWC2 (or CD27, clone B30C7); panel D): FITC-CD45RA (clone MIL13),

RPE-CD8alpha (clone MIL12), PE-Cy7-CD3 (clone PPT3), APC-SWC2 (or CD27, clone

B30C7); panel E): FITC-CD4alpha (clone MIL17), RPE-CD8alpha (clone MIL12), PE-Cy7-

CD3 (clone PPT3), APC-CD335 (clone VIV-KM1); panel F): FITC-IgM (clone AAI48),

RPE-CD45RA (clone MIL13), PE-Cy7-SWC7 (or CD19, clone CC55); panel G): FITC-CD5

(clone 1H6/8), PE-Cy7-SWC7 (or CD19, clone CC55); and panel H): FITC-CD14 (clone

MIL2), RPE-CD16 (clone G7), APC-macrophages (clone BA4D5). To evaluate fluorochrome

unspecific staining, isotype controls for anti-IgG1, anti-IgG2a and anti-IgG2b were introduced

in the preliminary procedure to set up photomultiplier and instrument technical parameters

(Table 1). Antibody dilution for the experiment was established through previous titration

(Table 1).

Surface and intracellular immunophenotyping

The portions of the sample to be surface-labeled were incubated for 30 minutes at room tem-

perature with conjugated mAb specific for a surface antigen or an irrelevant isotype-matched

monoclonal antibody, conjugated to a different fluorochrome. Each case was evaluated by

using a panel of monoclonal antibodies. For panels with intracellular staining, cells were resus-

pended in Cytofix/Cytoperm solution (BD Biosciences) and allowed to sit for another 20 min.

Samples were then washed twice with BD Perm/Wash (BD Biosciences) to keep cells permea-

bilized in order to favor staining of CD79a (the epitope recognized by the mAb is located in

the cytoplasmic domain) and CD3 (clone PPT3 recognizes both an extra- and intracellular epi-

tope on CD3) in the subsequent incubation.

After staining, cells were centrifuged (400xg at 10˚C for five minutes) and therefore the pel-

let was washed once with 1 mL of flow cytometry buffer followed by centrifugation (400xg at

10˚C for five minutes). The cells were resuspended in 300 μL of stabilizing fixative and trans-

ferred to a plate. The samples were analyzed by flow cytometry, which was performed within 2

hours.

Flow cytometry

Flow cytometry was performed on Accuri C6 cytometer (BD Biosciences). Fifty thousand

events were analyzed (based on FSC and SSC) using Accuri C6 plus software (Becton Dickin-

son). Before sample analysis, the flow cytometer settings were checked using Cytometer Setup

and Tracking beads (CS&T beads, BD) as described at the manufacturer’s instructions. Com-

pensation beads were used with single stains of every antibody to establish the compensation

settings. The compensation matrix was identically applied to all samples. The side scatter

(SSC) threshold level was set at 8,000 units to eliminate debris. Gates considered to indicate

positive and negative staining cells were set based on fluorescence minus one (FMO) tests of

colostrum samples and these gates were carried out systematically on each sample, allowing

minor adjustments for SSC variability. Subsequent orientation and specific gates for other

populations (such as macrophages, lymphocytes and neutrophils) were identified in colostrum

using this gating strategy (Fig 1).
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IgG and IgA quantitation

ELISAs were performed to quantitate IgG and IgA immunoglobulin concentrations in colos-

trum as previously mentioned [29]. Prior to the analysis, colostrum samples were centrifuged

(1,300xg at 4˚C for 20 min) to remove fat. All colostrum samples were diluted 1:500,000 (v/v)

with proper diluent (50 mM Tris buffer, 0.14 M NaCl, 1% BSA, and 0.05% Tween 20). ELISA

reagents were obtained from Bethyl Laboratories (Montgomery, TX, USA). Briefly, 100 μL of

colostrum sample or standard solution was added to each well and incubated at room temper-

ature for 1 hour, then washed four times with the washing buffer. The concentrations of IgG

and IgA in the standard solutions were 333.3, 111.1, 37, 12.3, 4.1, 1.37, and 0 ng/mL. All sam-

ples were analyzed in duplicate.

Afterwards, 100 μL of either anti-IgG or IgA was added and incubated at room temperature

for one hour and washed four times with the washing buffer. Then 100 μL of horseradish per-

oxidase was added. The plates were incubated for 30 min at room temperature and were

washed four times with the washing buffer. The TMB (3,30,5,50-tetramethylbenzidine) sub-

strate solution was added to the plates and incubated for 30 min in the dark. The reaction was

terminated by adding 100 μL of stop solution. The plates were read on a microplate reader

Table 1. Antibodies used in flow cytometry.

Antibody Species Clone Fluorochrome Labeling strategy Isotype Concentration (mg/mL) Working dilution

7-AAD NA NA 7-AAD Dye NA 0.1 1/400

granulocyte mouse anti-pig 6D10 FITC Directly conjugated IgG2a 0.1 Neat

CD45RA mouse anti-pig MIL13 FITC Directly conjugated IgG1 0.1 Neat

CD4alpha mouse anti-pig MIL17 FITC Directly conjugated IgG2b 0.1 Neat

IgM goat anti-pig AAI48 FITC Directly conjugated IgM 1 1/100

CD5 mouse anti-pig 1H6/8 FITC Directly conjugated IgG2a 0.1 Neat

CD14 mouse anti-pig MIL2 FITC Directly conjugated IgG2b 0.1 10-Jan

CD79a mouse anti-human HM57 RPE Directly conjugated IgG1 Not determined 10-Jan

CD4alpha mouse anti-pig MIL17 RPE Directly conjugated IgG2b Not determined 1/100

CD8alpha mouse anti-pig MIL12 RPE Directly conjugated IgG2a Not determined 1/100

CD45RA mouse anti-pig MIL13 RPE Directly conjugated IgG1 Not determined 10-Jan

CD16 mouse anti-pig G7 RPE Directly conjugated IgG1 Not determined 10-Jan

CD3 mouse anti-pig PPT3 RPE-Cy7a Secondary antibodya IgG1 0.1 10-Jan

SWC7 or WC4 mouse anti-bovine CC55 RPE-Cy7a Secondary antibodya IgG1 0.1 Neat

macrophages mouse anti-pig BA4D5 APCb Secondary antibodyb IgG2b 0.1 Neat

SWC2 or CD27 mouse anti-pig B30C7 APC Directly conjugated IgG1 Not determined 10-Jan

CD335 mouse anti-pig VIV-KM1 APC Directly conjugated IgG1 Not determined 1/100

IgG1 isotype control mouse NA FITC Directly conjugated IgG1 0.1 10-Jan

IgG2a isotype control mouse NA FITC Directly conjugated IgG2a 0.1 10-Jan

IgG2b isotype control mouse NA FITC Directly conjugated IgG2b 0.1 10-Jan

IgG1 isotype control mouse NA RPE Directly conjugated IgG1 Not determined 10-Jan

IgG2a isotype control mouse NA RPE Directly conjugated IgG2a Not determined 10-Jan

IgG2b isotype control mouse NA RPE Directly conjugated IgG2b Not determined 10-Jan

IgG1 isotype control mouse NA APC Directly conjugated IgG1 Not determined 10-Jan

IgG1 isotype control mouse anti-pig NA RPE-CY7a Secondary antibodya IgG1 0.1 Neat

a MAb dilution following PE-Cy7 labeling (Serotec).

b MAb dilution following APC labeling (Serotec).

NA, not applicate.

https://doi.org/10.1371/journal.pone.0249366.t001
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(Thermolab System, MRX Revelation, Chantilly, VA) at 540 nm. The results were obtained in

ng/mL but expressed in mg/mL after appropriate dilution factor correction.

Cell culture

The rat intestinal epithelial crypt cell line (IEC-6, BCRJ Cat#0117, RRID:CVCL_ 0343) was

obtained from Banco de Células do Rio de Janeiro (BCRJ, Rio de Janeiro, Brazil). Cells (pas-

sage 12 and mycoplasma negative) were cultured at 37˚C in a humidified atmosphere of 5%

CO2 in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco-BRL, Life Technologies) supple-

mented with 4 mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 g/L

glucose and supplemented with 0.1 Unit/mL bovine insulin (Sigma-Aldrich), and 10% FBS

(Gibco-BRL, Life Technologies).

Mitogenic assay

The use of carboxyfluorescein diacetate succinimidyl ester (CFSE) in combination with

7-AAD enabled the concomitant determination of cell proliferation. IEC-6 cells were sus-

pended (1×106 cells/mL) in DPBS and labeled with CFSE (2.5 μM; Molecular Probes, USA) for

ten minutes at 37˚C. The labeling process was stopped by the addition of five volumes of ice-

cold RPMI 1640 containing 10% FCS (RPMI-FCS) followed by incubation for five minutes in

ice, protected from light. The cells were washed two times with 20 mL of DMEM-FBS and fur-

ther suspended in the same medium. The cells were plated in 24-well plates (1×104 cells/well),

allowed to adhere for 18 h and were then washed twice in Hank’s Balanced Salt Solution

(HBSS) (Sigma-Aldrich) [30]. The media was then changed to 1 mL of DMEM without serum

and cultured with colostrum (100 μL). As positive control, two wells received cell culture with

FBS (100 μL), and cell culture without stimulants represented the negative control (untreated).

The cells were cultured for 48 h at 37˚C under 5% CO2. The cells (1×105) were transferred to

flow cytometry tubes and labeled with 7-AAD. A total of 50,000 events per tube was acquired

on the flow cytometer (Accuri C6plus and FACSCanto, Becton-Dickinson, USA) and ana-

lyzed. Cells were recovered after cultivation for 48 hours and evaluated for CFSE staining

intensity.

The percentage of proliferated IEC-6 cells was determined by CFSE dilution and the geo-

metric mean values of the colostrum-stimulated triplicates were calculated and divided with

the geometric mean values of the medium control triplicates in order to obtain the stimulation

index (SI).

Statistical analysis

The statistical methodology applied was Analysis of Variance, using the MIXED procedure of

SAS [31], testing the treatment effect. The likelihood ratio test indicated significant heteroge-

neous error variances between treatments, modeling them using the GROUP option of the

REPEATED statement. Data are expressed as the mean percentage of positive cells ± standard

deviation (SD). Significance was declared at p� 0.05. Colostrum cell concentrations from the

same sow were examined using the Friedman test and these categorical data were summarized

using frequency distributions.

Fig 1. Flow cytometry gating strategy. Cells were first gated based on size (FSC-A) and granularity (SSC-A) to exclude sub-

cellular debris (A), then sequentially using FSC-H vs. FSC-A to eliminate doublets (B). The 7-AAD stain was used to exclude

cells with damaged membranes (C). Subsequent analysis involved gating according to the desired analysis, for instance, on

CD3+(D), CD79a+(E), granulocytes+(F) and macrophages+(G).

https://doi.org/10.1371/journal.pone.0249366.g001
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Results

Analysis of the immune components in porcine mammary secretions by

flow cytometry

Trypan blue exclusion staining and microscopic evaluation of viability were performed right

after colostrum collection and at subsequent moments, according to the flow cytometric analy-

sis. The evaluated colostrum were rich in cells (5x106 to 8x106 cells/mL for gilts and sows,

respectively), and their cell viability was greater than 95% [5,15]. A summary of the cellular

components in the colostrum of gilts and sows is shown in Fig 2. In both categories of dams, the

foremost predominant immune cell types were granulocytes (neutrophils, 40%) followed by T

lymphocytes (CD3+, 30%), B lymphocytes (CD79a+, 13–16%) and macrophages (7–11%). The

phagocytic cell population of mammary secretions consisted of neutrophils and macrophages.

The gate to identify T lymphocyte and NK cell populations was not based on forward scat-

ter (FSC) and side scatter (SSC) properties, but rather they were used for estimating lympho-

cyte population and exclusion of debris [17]. Doublet exclusion was performed by plotting the

forward scatter height (FSC-H) against the forward scatter area (FSC-A). We also excluded

dead cells using 7-AAD staining, a single parameter histogram to identify dead cells which

were positive for the dye. Then, CD3+ cells were considered to represent 100% of T lympho-

cytes. Among T lymphocytes, CD3+CD8+ cells (47–49%) were more numerous than

CD3+CD4+ cells (7–14%) (Table 2). Interestingly, CD3+CD4+CD8+ double-positive cells

(p = 0.0243), and CD4+ cells were significantly higher in sows in relation to gilts. The pheno-

typic classification of CD4+ T cell subsets that rose in sows were naive CD4+ T cells

(CD4+CD27+CD45RA+) (p = 0.0408), central memory CD4+T cells (CD4+CD27+CD45RA-)

(p = 0.0089), and effector memory CD4+T cells (CD4+CD27-CD45RA-) (p = 0.089). Overall,

sows tended to show an increased percentage of CD4+ cells when compared to gilts. In relation

to CD8+ cells, sows presented higher content of central memory CD8+ (CD8+CD27+CD45RA-)

(p = 0.0156) in colostrum in comparison to gilts. Memory T cell (CD4+CD27+CD45RA-,

Fig 2. Immune cells present in colostrum from gilts and sows. The line shows the median value for each colostrum

sampling point. Data shows concentrations of total Macrophages+, Granulocytes+, B cells (CD79a+) and T cells (CD3+)

in colostrum; no difference found between groups.

https://doi.org/10.1371/journal.pone.0249366.g002
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CD4+CD27-CD45RA- and CD8+CD27+CD45RA+) phenotypes predominated among this sub-

set, as indicated by the higher proportion of T cells in colostrum.

B lymphocyte subset distribution is indicated in Table 2. The gate is similar to T lympho-

cyte, although B lymphocyte was defined as the sum of CD79a+. Singlet cells were gated

according to FSC-A × FSC-H dispersion, and then mononuclear cells were gated according to

FSC-A × SSC-A dispersion (Fig 1). Live cells were gated as those negative for the 7-AAD cell

viability marker. The gate for positive cells to CD79a+ was determined as the cells located on

the right side of the unstained cells. The proportion of naive B cells (SWC7+IgM+) and mature

B cells (SWC7+CD45RA+) was similar between the gilt and sow groups, while, on the contrary,

SWC7+CD5+ cells were higher in sows than in gilts (p< 0.05, Table 2).

Monocytes/macrophages (macrophages+CD14+CD16+) were also significantly higher in

sows (16.76% vs 10.88% in gilts) (Table 2). This population was analyzed by first gating using

FSC and SSC. Other numerical differences (not statistically significant) were found in NK cells

(CD3-CD8lowCD335+) in sows (16%) when compared to gilts (13%).

Humoral analysis

IgA concentrations did not differ between gilts and sows (Fig 3). As expected, IgG concentra-

tions were significantly higher in sows than in gilts (p = 0.011).

Table 2. Percentages of cells (T lymphocyte, B lymphocyte, and monocyte subsets) in colostrum from gilts and sows.

Immune Cells (%) Dam Category

Gilt Sow P—value

B cells (CD79a+)
SWC7+IGM+ 18.93±1.085 25.63±4.022 0.1274

SWC7+CD45RA+ 1.856±0.547 2.846±0.470 0.1866

SWC7+CD5+ 5.219±1.251a 10.72±1.535b 0.0209

SWC7+CD5- 23.18±1.103 26.33±0.963 0.0581

T cells
CD3+ 32.36±1.820 32.53±1.884 0.9500

CD4+ 9.354±2.277 11.81±2.117 0.1866

CD27+CD45RA- 8.380±1.215a 18.31±3.110b 0.0089

CD27+CD4RA+ 2.95±0.761a 6.25±1.274b 0.0408

CD27-CD45RA- 21.53±2.360a 32.16±3.331b 0.0089

CD8+ 47.205±1.536 47.880±1.266 0.7366

CD27+CD45RA- 10.09±1.706a 18.33±2.348b 0.0156

CD27+CD45RA+ 3.84±1.077 7.42±2.050 0.1418

CD3+CD4+CD8+ 14.96±1.591a 22.10±1.97b 0.0243

Myeloid cells
Macrophages+ 7.062±1.589 11.06±2.408 0.2092

Macrophages+CD16+ 27.60±1.286 25.90±1.945 0.4996

Macrophages+CD14+CD16+ 10.88±1.695a 16.76±1.888b 0.0380

NK cells
CD3-CD8lowCD335+ 13.20±1.098 16.31±1.735 0.1732

The analysis was performed with the Kruskal-Wallis tests with Dunn’s multiple comparison post-test.
a, b Different superscript letters indicate significant statistical difference between groups (p� 0.05).

Cell populations in colostrum: conventional B cells: SWC7+CD5– and SWC7+CD5+; naive B cells: SWC7+IgM+; mature B cells: SWC7+CD45RA+; naive CD4+ T cells:

CD4+CD27+CD45RA+; central memory CD4+T cells: CD4+CD27+CD45RA-; effector memory CD4+T cells: CD4+CD27-CD45RA-; naive CD8+ T cells:

CD8+CD27+CD45RA+; central memory CD8+T cells: CD8+CD27+CD45RA-; NK cells: CD3-CD8lowCD335+.

https://doi.org/10.1371/journal.pone.0249366.t002
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Cell proliferation analysis

The cell proliferation showed a higher rate in IEC-6 cells stimulated with colostrum from sows

than from gilts at 48 h. Although all colostrum samples stimulated proliferation of IEC-6 com-

pared to the control, colostrum from sows had significantly greater (p< 0.001) mitogenic

activity than colostrum from gilts (Figs 4 and 5).

Discussion

Although differences in porcine colostrum are reported for immunoglobulins, the understand-

ing and the effects of immune cell subsets are still limited. The proportions of immune cells,

which are present in porcine colostrum are also influenced by several factors, such as season,

parity, genotype and vaccination. These factors may explain the differences in cells and immu-

noglobulins [14,24,32]. Based on that, we analyzed the relationship between sow parity stage

and quantity of each type of immune cell observed in colostrum. The effects of parity order or

age in colostrum cell characteristics have been documented in other species. In bovines, heifers

had significantly higher mitogen- and antigen-induced proliferation of their colostral leuko-

cytes than third parity or older cows [33]. In another study, percentages of CD4+ and

CD4+CD26+ lymphocytes and the CD4+/CD8+ ratio were significantly lower in heifers than in

>3rd parity cows, suggesting that mammary gland immune cells are more active in cows with

higher parity compared to heifers [34]. In an investigation conducted in humans, parity was

positively correlated to the concentration of neutrophil-macrophage cells (t = -2.07, r = 0.205)

and negatively correlated to lymphocyte-plasma cells (t = 2.073, r = -0.101) [35].

Our data indicates that about 32% of lymphocytes were T lymphocytes and about 15% B

lymphocytes. This finding shows that the major lymphocyte subpopulation in colostrum were

CD3+ cells, which is in line with results obtained by Le Jan [12] and Pomorska-Mol, Mar-

kowska-Daniel [13] in swine species, as well as in bovines by Park, Fox [36] and Yang, Ayoub

[37]. Le Jan [12] showed that the percentages of most leukocyte subpopulations were higher in

sow colostrum. Although some investigators claimed that parity plays a key role during this

process, it is interesting to note that our outputs for macrophages, lymphocytes and granulo-

cytes suggest no parity effects.

Fig 3. Comparison of total IgG and IgA concentration (mg/mL) in colostrum from gilts and sows. Error bars

represent the standard error of the mean (± SEM). Gilt IgA (17.5± 1.8) vs. Sow IgA (18.3± 1.4), p< 0.1650; �Gilt IgG

(90.0± 21.3) vs. Sow IgG (102.9± 21.6), p< 0.0112.

https://doi.org/10.1371/journal.pone.0249366.g003
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Colostrum T lymphocytes expressing activation markers are a definite cell population that

shows phenotypical differences from those found in peripheral blood [12,13]. They express in

vitro functional capabilities, e.g. response to bacterial and viral antigen stimulation. Our results

Fig 5. Mitogenic activity of colostrum from gilt and sow on intestinal epithelial cells (IEC-6). Data are expressed as

the mean (± SEM) percentage of cell viability calculated in relation to untreated cells (negative control). Gilt (55.45±
9.74) vs. Sow (67.47± 6.76), �p< 0.001.

https://doi.org/10.1371/journal.pone.0249366.g005

Fig 4. Dot plots and histograms representative of an IEC-6 proliferation assay using CFSE. IEC-6 cells (1x106 cells/

mL) were labeled with CFSE (2.5 μM) and cultured in 24-well plates with colostrum (100 μL) from sows and gilts,

positive control with added FBS, and negative control without FBS. Cells were recovered after cultivation for 48 hours

and evaluated for CFSE staining intensity. Live, singlet cells were gated using forward scatter properties (FSC-H and

FSC-A). The P1 regions represent the IEC-6 cell division profile compared with negative control.

https://doi.org/10.1371/journal.pone.0249366.g004

PLOS ONE The phenotype of T and B cells in porcine colostrum

PLOS ONE | https://doi.org/10.1371/journal.pone.0249366 May 3, 2021 11 / 18

https://doi.org/10.1371/journal.pone.0249366.g005
https://doi.org/10.1371/journal.pone.0249366.g004
https://doi.org/10.1371/journal.pone.0249366


show that T lymphocyte subsets are composed of helper and cytotoxic subsets, mainly

CD3+CD8+, which are documented to be cytokine-producing cells, mainly providing proin-

flammatory mediators [12,13,17]. It must be observed, however, that our findings are consis-

tent and corroborate with previous studies that studied the content of T lymphocyte subsets,

characterized by the expression of activation markers, in the colostrum of pigs and their wide

variation between gilts and sows [13,15,17]. The major T cell subset in porcine blood and vari-

ous other lymphatic and non-lymphatic organs are lymphocytes CD3+CD4+CD8a+ or double-

positive cells. The latter corresponds to the T cell developmental stage within the thymus. We

showed that this population is higher in sow colostrum. In fact, double-positive lymphocyte

cells exhibit properties of mature antigen-experienced cells, and porcine CD4 T cells up-regu-

late CD8alpha after antigen encounter. In particular, a huge proportion of CD4 T cells in

blood expresses CD8alpha in older pigs, suggesting that these cells could include memory/

effector T cells [17,38–42] and that porcine CD4+T cells can express CD8alpha and the fre-

quency of CD4+CD8alpha+T cells increases with the progression of age [41,43,44].

T cells adhere and cross the gastrointestinal mucosa, reaching the blood circulation, where

they continue to be immunologically active. Additionally, in humans as an example, immune

memory cells (CD45RO+) have been isolated in feces from infants fed with human milk [45].

The porcine CD45RA/RC expression probably represents a marker of naive and terminally

differentiated T cells [46]. Besides, our findings showed that colostrum contains memory T

lymphocytes (central memory CD4+/CD8+ T cells and effector memory CD4+T cell) to safe-

guard the piglets via the sow’s previous immune experience and to contain high levels of T

lymphocytes. Some studies suggested that these T lymphocytes that produce cytokines actively

defend the offspring [47,48]. This fact highlights that sows provide higher protection than

gilts. Moreover, colostrum can help the postnatal development of both T cell responses. Helper

lymphocytes are functionally subdivided according to the pattern of cytokines they produce.

During the stimulus provided by an antigen-presenting cell (APC), a precursor Th0 lympho-

cyte can become a Th1, Th2 or Th17 lymphocyte, depending on the cytokine environment.

Although morphologically indistinguishable, these cells show different patterns of secreted

cytokines and consequently different effector responses [47]. Thus, the influence of cytokines

present in colostrum should also be taken into consideration, because cytokines have effects

on T cells and are produced by different T helpers (Th1/Th2/Th3/Tr1). Nevertheless, these

cytokines have not been clearly defined [24,47]. Thus, the transfer of various cytokines in the

colostrum of gilts and sows is a promising area for further investigation to better comprehend

the mechanisms involved and its benefits.

In our study, B cell proportions were similar between groups, however SWC7+CD5+ cells

were higher in sows. In humans, these cells are called B1 cells, but this cell population has not

been characterized in pigs yet [49]. Further evaluations, however, are needed to support this

finding of the B1 cell phenotype in swine. Conversely, the odds of conventional B cells

(SWC7+CD5-), the primary (naive) subpopulation of B cells (SWC7+IgM+), and mature B cells

(SWC7+CD45RA+) did not differ between groups. Our findings showed a presence of effector

T and B cells (SWC7+CD45RA+) [46]. B cells could provide identical protection against enteric

pathogens within the digestive tract of a newborn by colostrum intake [49]. Hence, B cells con-

tent in colostrum may serve as a selective strategy to guarantee immune defense to the neonate

[50].

In agreement with several recent studies, conducted by flow cytometry analysis, differences

in expression were revealed between some cell surface markers (CCR7 and CD25) in colos-

trum and blood natural-killer cells and T cells [17,46,51]. Moreover, the sows’ colostrum pre-

sented significantly higher effector memory CD3+CD4+CD8+ double-positive and CD4+T

lymphocyte (CD4+CD27-CD45RA-) than that of gilts. Ogawa et al. [39] suggested that all or
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most T cells in colostrum have an effector-like phenotype and thus are more activated than T

cells in blood, in addition to the fact that their gene expression profile would enable migration

of these T cells to mammary glands, be secreted in colostrum, and likely contribute to passive

immunity provided by sows to newborn pigs. Effector T and B lymphocytes can also compen-

sate for the immature function of neonatal T cells and promote their maturation [20].

It has been assumed that gilts may produce colostrum and milk with lower levels of

immune factors than sows, due to having less exposure time to pathogens over their lifetime

and a naive immune system compared to older sows. Although total immune cells in the cur-

rent study presented no difference between gilts and sows, IgG content was greater in sows,

which is consistent with previous results [9,10,52]. However, our findings about IgA are differ-

ent from those observed by these studies, but similar to Craig, Dunshea [11]. It has been

assumed that multiparous sows may produce colostrum and milk with higher levels of

immune factors than gilts due to having had time for exposure to pathogens over their lifetime

and a relatively mature immune system compared to gilts [8–10]. However, this was not

reflected in total colostrum IgA concentrations in the current study, with no difference

between primiparous and multiparous sows, in contrast to several recent studies [9,52]. These

differences may be due to responses to nutritional changes [53], as well as genetic advances,

and the timing of collection of colostrum samples [54,55].

Immunoglobulins constitute a vital component of the immunological activity found in

milk and colostrum. They are crucial to the immunological link that happens when the dam

transfers acquired immunity to the offspring. The employment of colostrum or milk as a

source of immunoglobulins, whether intended for the neonate of the species or for a specific

species, must be considered regarding types of immunoglobulins present in the secretion, the

mechanisms by which the immunoglobulins are secreted, and the mechanisms by which the

piglets consuming the milk gain immunological benefit [56]. The steadiness of immunoglobu-

lins, since they undergo digestion within the intestine, is a further issue when evaluating the

biological value and impact of colostrum immunoglobulins.

It is, therefore, more likely that reduced growth and higher mortality be observed in gilt lit-

ters, which could be a consequence of immunologically poor colostrum and milk in gilts com-

pared to sows. In this sense, Carney-Hinklen, Tao [57] showed that serum IgG concentrations

were greater in fourth-parity order compared to first parity.

In fact, the composition of immunoglobulins in colostrum, such as IgG and IgA that neu-

tralize pathogens, is more important than the amount of these proteins. Regarding the proba-

bility that sows are more hyperimmunized against one or more antigens than gilts, the former

consequently show increased immunoglobulin and virus-neutralizing titers in colostrum com-

pared to the latter. As the mechanisms by which immunoglobulins are transferred from dam

to piglet become well documented, additional research is required to clarify the mechanisms

of action of immunoglobulin and colostrum immune cells. Moreover, further studies should

regard the inhibition of complement activation, toxin-neutralizing antibodies, anti-idiotypic

neutralization, Fc interaction, and modulation of cytokine responses. In addition, a promising

approach could be the establishment of a swine milk bank to supply colostrum for feeding pig-

lets that are developmentally more immature to reinforce their development.

The intestinal epithelium is a tissue with rapid cellular turnover. Any increase of the cell

proliferation rate in the crypts will lead to an overall increase in the epithelial cell population

that will result in increased villus height [58]. Colostrum produced by sows has significantly

higher growth-promoting activity compared to colostrum from gilts. Thus, sow colostrum

showed a higher ability to induce intestinal cell proliferation, which can be associated with the

potential to accelerate the maturation of the newborns’ gastrointestinal tract. Porcine colos-

trum contains critical biological components and nutritional factors such as epidermal growth
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factor (EGF), insulin-like growth factor I and II (IGF-I, IGF-II), and insulin [59–61], exosomes

[62], oligosaccharides [63,64], metabolites [65] and bacteria [66]. Some of these components

play a possible vital role in stimulating the development of the neonatal immune system, gut

closure and establishing intestinal bacterial communities. In fact, the maintenance of func-

tional integrity of the intestinal epithelial barrier requires coordination of mitogenic intestinal

processes. Antimicrobial and immunomodulatory factors of colostrum could be able to com-

pensate or change the neonatal innate and adaptive immune system for immature piglets and

mitigate environmental infectious pathogens. Consequently, understanding the main compo-

nents of porcine colostrum is critical for efficient pig production. Surely, the ideal experiment

would be performed on the primary culture of piglet duodenal cells, and that is the intention

for future studies. In any case, these results are interesting and not previously described.

However, the information about these biological components for swine is still limited.

Overall, colostrum should be encouraged for nutritional reasons, and mainly for its immu-

nological properties. In addition, supporting our results, other recent studies showed that the

survival and growth of piglets does not seem to be impacted by the parity order of the biologi-

cal dam, since piglets that suckled on sows have better development than those that suckled on

gilts [67]. Finally, our results suggest that the cell content presented in colostrum can also con-

tribute to piglet immunity in the first period of life and that piglets that suckled on gilts might

have increased vulnerability to diseases during this period.

Conclusions

According to the present study, colostrum contains a special distribution of lymphocyte sub-

sets, suggesting that these cells probably migrate selectively to the milk. B and T lymphocytes

in colostrum seem to be enriched with subsets that have effector functions, which combined

with innate immunity can be a prompt line of defense to the litter. Therefore, these findings

contribute to grasp the link between the immune profile of the colostrum from gilts and sows,

opening new insights for further studies on piglet-sow immunity interactions. This study,

while confirming the role of effector immunity in colostrum, may provide a further and deeper

contribution for the comprehension of neonatal immunity and of piglet-gilt/sow immune rela-

tionships through lactation.
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Supervision: Francisco Noé Fonseca, Ana Paula Bastos.

Validation: Ricardo Forner, Danielle Gava.

Writing – original draft: Ricardo Forner, Francisco Noé Fonseca, Leticia Lopes, Ana Paula
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