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The dynamics of skin-draining cells following infection or vaccination provide important
insight into the initiation of immune responses. In this study, the local recruitment
and activation of immune cells in draining lymph nodes (LNs) was studied in calves
in an adjuvant-induced inflammation. A transient but remarkably strong recruitment
of monocytes was demonstrated after onset of inflammation, constituting up to 41%
of live cells in the draining LNs after 24 h. Numerous CD14+* cells were visualized
in subcutaneous tissues and draining LNs, and the majority of these cells did not
express dendritic cell-associated markers CD205 and CD11c. In the LNs, recruited
cells were predominately of a CD14++ and CD16* phenotype, consistent with an
intermediate monocyte subset characterized to possess a high inflammatory potential.
Moreover, monocytes from the draining LN showed a high expression of genes coding
for pro-inflammatory cytokines, including IL-1p, IL-6, TNFa, and TGFpB. Shortly after
their appearance in the LN cortical areas, the monocytes had moved into the medulla
followed by an increase in peripheral blood. In conclusion, this study provides novel
information on in vivo monocyte recruitment and migration after onset of inflammation.

Keywords: monocytes, inflammation, lymph node, migration, pro-inflammatory cytokines

INTRODUCTION

A protective immune response to infection or vaccination is dependent on the recruitment of
immune cells to the inflamed tissue, followed by their activation and the subsequent movement
of cells and antigens to the draining lymph node (LN). In this respect, the migration of antigen-
loaded dendritic cells (DCs) and recirculating lymphocytes has been extensively studied [reviewed
by Girard et al. (1)].

Circulating monocytes are traditionally regarded as short-lived precursors of tissue mac-
rophages and monocyte-derived DCs (moDCs), recruited to tissues for supplementation of these
cell populations during homeostasis and for expansion during inflammation (2, 3). The conventional

Abbreviations: CCR2, CC-chemokine receptor 2; CX;CR1, CX;C-chemokine receptor 1; DCs, dendritic cells; FCM, flow
cytometry; HE, hematoxylin and eosin staining; HEVs, high endothelial venules; IF, immunofluorescence; IHC, immunohis-
tochemistry; LN, lymph node; moDCs, monocyte-derived dendritic cells; PBMC, peripheral blood mononuclear cells; PPIA,
peptidylprolyl isomerase A; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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view is that DCs rather than monocytes subsequently migrate
from the inflamed tissues to LNs (1). However, monocytes
display an array of pattern recognition receptors, which enables
them to react to danger and pathogenic stimuli and produce
cytokines, and recent studies indicate that monocytes may have
distinct effector functions of their own, including the transport
and presentation of antigen (4-9), functions that were previ-
ously designated to DCs only.

In humans, monocytes can be classified into subsets based on
their expression of the lipopolysaccharide (LPS) receptor CD14
and the FcyIIIR CD16 (10, 11). Classical monocytes are CD16-
negative and form the major population in blood. The minor
CD16-positive monocyte population can be further subdivided
into a CD14* CD16** non-classical subset and a third less
well-defined CD14** CD16" intermediate subset, suggested to
represent a transitional subset between the classical and non-
classical monocytes (12). Whereas the classical and intermediate
subsets possess pro-inflammatory properties, the non-classical
subset may serve a patrolling function (10, 13, 14). However, the
precise roles of the different monocyte subsets, and in particular
intermediate monocytes, are not well defined neither in the
steady state nor under different inflammatory conditions. The
most realistic approach to reach experimental evidence for such
roles is in vivo animal studies. Circulating bovine monocytes have
recently been described as phenotypically similar to humans, as
the same three subsets based on CD14 and CD16 expression
have been recognized in cattle (15-17). Thus, the use of the cow
as an animal model may overcome some of the challenges of
the large phenotypical differences between mouse and human
monocytes (18).

The trafficking of monocytes is mediated by a multitude of
chemokine receptors, and the different subsets show different
receptor expression profiles. Especially the CC-chemokine recep-
tor 2 (CCR2) and the CX;C-chemokine receptor 1 (CX;CR1) can
be applied to distinguish between different subsets in humans
and mice (11, 19, 20). Human classical monocytes express high
levels of CCR2 and low levels of CX;CRI1 and are accordingly
poised to traffic to sites of infection and inflammation, whereas
non-classical monocytes have a high expression of CX;CR1 (19,
21, 22). As an intermediate subset, CD14** CD16* monocytes
most likely express both receptors. However, since the majority of
studies on this topic refer to CD14* versus CD16* monocytes or
to mouse monocyte subsets, this is not fully resolved. Adhesion
molecules, such as L-selectin (CD62L) are also important in
monocyte trafficking, enabling their adhesion to endothelium
and transmigration into tissue.

The majority of studies describing phenotypical and functional
characteristics of myeloid cells are based on in vitro differentiated
blood-derived monocytes. The aim of this study was to charac-
terize the in vivo recruitment and activation of immune cells in
inflamed tissue and the draining LN, using a bovine model. For
this purpose, we used a saponin-based adjuvant, which has been
shown to induce both humoral and cellular immunity (23), and
an efficient induction of leukocyte recruitment to the draining LN
of mice (24, 25). We show here that the induction of inflammation
in calves resulted in a surprisingly potent recruitment of cells to
the draining LN, dominated by CD14** CD16* monocytes. The

migrating cells retained their monocytic character rather than
differentiating into moDCs, and showed a high expression of
genes coding for pro-inflammatory cytokines. Altogether, these
results provide novel information on the phenotype and func-
tional capacity of monocytes after the onset of inflammation, and
challenge the conventional view of monocyte trafficking in vivo.

MATERIALS AND METHODS

Animals and Experimental Design

Animals were clinically healthy Norwegian Red dairy (NRF)
calves of both sexes, of 8-9 weeks of age, raised in commercial
Norwegian dairy farms. The first trial included 14 animals dis-
tributed into four experimental groups and kept in separate pens:
6 calves served as non-injected controls, whereas 8 calves were
injected with 500 pg Matrix-Q™ (a kind gift from Novavax AB,
Uppsala, Sweden). The adjuvant was suspended in 2 ml sterile
Hanks’ balanced salt solution (Gibco, Life Technologies) prior to
injection and administered as a single subcutaneous dose in the
left posterior flank region, in an area drained by the subiliac LN.
The contralateral skin and subiliac LN were untreated. A second
trial included four new calves, which received the same treatment
as in the first trial in addition to an injection with a 10-fold lower
dose (50 pg) of Matrix-Q™ in the left neck region, in an area
drained by the superficial cervical LN. The results presented
herein refer to the first trial, unless otherwise stated.

Calves were given acidified milk or milk replacer, calf concen-
trate, water ad lib and access to straw, and the health status of the
animals was examined twice daily. All experimental procedures
were conducted in accordance with the laws and regulations
controlling experiments using live animals in Norway: the
Norwegian Animal Welfare Act of 28 December 2009 and the
Norwegian Regulation on Animal Experimentation of 15 January
1996. The study was approved by the Norwegian Animal Research
Authority (Norwegian Food Safety Authority).

Tissue Collection and Preparation

EDTA blood samples were collected prior to adjuvant injection
(pre-injected samples), and from the experimental groups at 24 h
(n=3),48 h (n = 3), and 96 h (n = 2) post-injection in the first
trial, and at 24 h (n = 4) post-injection in the second trial. The
96 h group was also sampled for blood at 72 h. Hematological dif-
ferential counting was performed on EDTA blood (Advia® 2120
Hematology System, Siemens AG, Erlangen, Germany). Bovine
peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation (2210 X g, 30 min) on lymphoprep
(Axis-Shield, Norway), and either analyzed immediately by flow
cytometry (FCM), or added freezing medium (Recovery™ cell
culture freezing medium, Gibco) for further storage in liquid
nitrogen.

Subiliac LNs from calves in the non-injected controls (n = 6)
were collected at a conventional slaughterhouse. Injected calves
were stunned by a captive bolt pistol and exsanguinated, and
subjected to post-mortem examination at the Norwegian
University of Life Sciences. Samples in the first trial were col-
lected at 24, 48, and 96 h post-injection, and included the drain-
ing subiliac LN and the contralateral LN. In the second trial,
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samples were collected at 24 h and also included the draining
superficial cervical LN.

Skin with subcutaneous tissue and LNs on the injected side
and the contralateral flank were collected and fixed for histology
and immunohistochemistry (IHC). Formalin fixed samples were
embedded in paraffin wax and prepared by standard procedures
before staining with hematoxylin and eosin (HE) for light micros-
copy. Skin and LN specimens were frozen in chlorodifluorometh-
ane (Isceon™) chilled with liquid nitrogen, and stored at —70°C
until further preparation.

Lymph nodes were excised vertically, and the anterior half
toward the injection site was subjected to tissue preparation.
LN tissue was minced mechanically by scissors in the presence
of PBS/EDTA bulffer. First, the LN cell suspensions were filtered
through a Cell Strainer™ (BD Falcon), second, through a cotton
filter pad soaked with PBS/EDTA, and finally washed in PBS/
EDTA before direct analysis or freezing as described above.

Immunohistochemistry

Cryostat sections were cut 7 pm in thickness, mounted onto
poly-lysine-coated slides and stored at —70°C before use. The
sections were air dried at room temperature (RT), fixed in ice
cold acetone, and finally rinsed and rehydrated in PBS pH 7.3. An
indirect immunoperoxidase staining technique was performed
on the sections by using an avidin-biotin complex method with
the aid of a commercial kit (Vector Laboratories, Burlingame, CA,
USA). To avoid non-specific binding of the biotinylated antibody,
a blocking solution containing normal horse serum diluted 1:50
in 5% BSA/TBS and avidin diluted 1:6 was applied to the sections
for 20 min at RT. The blocking solution was carefully tapped off
the slides. Antibodies diluted in 1% BSA/TBS were added to the
slides and the slides incubated overnight at 4°C. The subsequent
day, the slides were washed carefully in PBS 3 X 5 min, and bioti-
nylated horse anti-mouse IgG was diluted 1:100 in 1% BSA/TBS
and added to the slides for 30 min at RT. The slides were washed
carefully in PBS 3 X 5 min. Endogenous peroxidase was inhibited
by treatment with 1% H,O, in methanol for 15 min, followed by
rinsing in PBS for 3 X 5 min. The avidin-biotin-horse radish
peroxidase complex solution was prepared at least 30 min prior
to use, according to kit instructions. The sections were incubated
with the complex solution for 30 min. All incubations were done
in a slowly rotating humid chamber at RT. Peroxidase activity
was visualized by incubation with Imm Pact AEC peroxidase
substrate. The reaction was stopped by rinsing in PBS. Slides
were counterstained with Mayer’s hematoxylin for 15 s, rinsed in
PBS, and mounted. To control for non-specific binding, all runs
included a control section where the primary antibodies were
replaced by 1% BSA/TBS.

Immunofluorescence

Immunofluorescent (IF) staining was performed essentially as
previously described (26). Briefly, 7 pm cryostat sections were
fixed in acetone and treated with 20% BSA/TBS in order to
block non-specific binding. One of the following two mixtures
of three primary antibodies were added to the sections: mouse
anti-human CD14 (Tik4, IgG2a), mouse anti-bovine CD205
(MCA1651G, IgG2b) (both AbD Serotec), and mouse anti-bovine

CD11c (BAQ153A, IgM) (VMRD), or mouse anti-human CD14,
mouse anti-ovine CD21 (DU2-74-25, IgG2b) (a kind gift from
W. Hein), and polyclonal rabbit anti-ki67 (Abcam) all used at
previously determined optimal dilutions. Secondary antibodies
were isotype-specific Alexa Fluor (350, 594, and 488) (Molecular
Probes, Inc., USA). All incubations were done in a slowly rotating
humid chamber for 1 h at RT. Slides were mounted in polyvinyl
alcohol and stored at 4°C until examination. Control sections
were included, replacing the primary antibody with 1% BSA/TBS,
and replacing the secondary antibody with an irrelevant antibody.
All tissue sections were examined in a Carl Zeiss Axio Imager M2
microscope equipped with a conventional camera (Axiocam HRc
Rev. 3) and fluorescence camera (Axiocam HRm Rev. 3).

Flow Cytometry

Flow cytometry analysis was performed on fresh or previously
frozen LN cell suspensions or PBMCs. Cells were first stained
with LIVE/DEAD® Fixable aqua or yellow dead cell stain kit
(Invitrogen), following the manufacturer’s instructions. Primary
unconjugated monoclonal antibodies applied in the current study
were mouse anti-bovine and against the following molecules:
CD14 (CAM36A,1gG1), CD3 (MM1A, IgG1), CD62L (BAQ92A,
IgG1), granulocyte marker (CH138A, IgM), CD11b (MM12A,
IgG1) (all Monoclonal Antibody Center, Washington State
University, USA), anti-ovine CD21 (DU2-74-25, IgG2b), and
mouse anti-bovine CD205 (MCA1651G, IgG2b) (AbD Serotec/
BioRad). Directly conjugated antibodies were cross-reactive
anti-human CD16-FITC (KD1, IgG2a) and CD14-Pacific blue
(Tik4, IgG2a) (both AbD Serotec/BioRad). Secondary isotype-
specific reagents were either PE-conjugated or APC-conjugated
(Southern Biotech, Birmingham, USA), or Alexa Fluor 488-or
647-conjugated (Molecular Probes/Life Technologies) polyclonal
goat-anti-mouse antibodies, or PerCP- eFluor 710 conjugated
rat anti-mouse monoclonal antibody (eBioscience/Affymetrix).
All antibodies were used at previously determined optimal
concentrations. FCM was performed with a 3-laser Gallios
flowcytometer (Beckman Coulter), and gating based on staining
with secondary antibodies only or isotype controls. Data were
analyzed using the Kaluza software (Beckman Coulter).

Isolation of CD14+ Cells and
RT-gPCR Analysis

Cell suspensions from the draining subiliac LNs collected at the
second trial were used for isolation of CD14* cells and RT-qPCR
analysis. Cell suspensions were either snap frozen (n = 3) or
used further for cell isolation (n = 4), as previously described
(27). Briefly, CD14* cells were extracted by positive selection of
monocyte differentiation antigen CD14 using anti-human CD14
MACS Microbeads (coated with mAb clone Tiik4) (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany), according to the
manufacturer’s instructions. Purity of selected cells was verified
by FCM, and was found to be in the range of 95-98%. Isolated
CD14" cells were snap frozen in liquid nitrogen and transferred
to —70°C for further storage.

Peripheral blood mononuclear cells used for CD14" baseline
isolation were obtained from healthy NRF calves of 8-9 weeks
of age (n = 3). Total RNA was isolated from LN cell suspensions
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(6 x 10° cells), LN CD14"* cells (16 X 10° to 2.7 x 10° cells) and
blood CD14* baseline cells (6 x 10° cells), using the MirVANA
isolation kit (Ambion, Austin, TX, USA) following the manufac-
turer’s instructions. All RNA samples were treated with amplifica-
tion grade DNase I (Invitrogen) to remove any traces of genomic
DNA, and RNA concentration and quality was measured using
NanoDrop 1000 (Thermo Fisher Scientific, Wilmington, USA)
and 2100 BioAnalyzer (Agilent Technologies, Palo Alto, USA),
respectively. All samples had a RNA integrity number (RIN)
above 8.7 (except one where RIN = 6.6) and an OD A260/A280
ratio of >2.0. A total of 200 ng of RNA was used for cDNA syn-
thesis reaction using Tetro cDNA synthesis kit (Nordic BioSite,
Norway), and 10 ng was used in qPCR in triplicate per sample
using Express SYBR GreenER SuperMix with premixed ROX
(Invitrogen) according to the manufacturer’s recommendations.
Transcript levels were analyzed using a 7900HT Fast Real-Time
PCR System (Applied Biosystems) and the standard cycling
program: 50°C for 2 min, 95°C for 2 min, 40 cycles of 95°C for
15 s, and 60°C for 1 min, and the melting curve analyses were
applied. Gene-specific primers were from either literature or
designed using Primer3 ver. 0.4.0 (28). The transcript levels of the
following genes were analyzed: CD14, CD16a, IL-1f, IL-6, TNFa,
TGFp, IL-12B, IL-10, CCR2, and CX5CR1. Primer sequences are
presented in Table 1. The efficiencies of all primer pairs were
tested by template dilution series using pooled cDNA from LN
cells suspensions and CD14* baseline cells and were 100% (+10).
Negative controls with no added template were included for all
primer pairs (no template control), and no RT control reactions
for each sample and each primer pair were run in qPCR in order
to check for genomic DNA contamination (no RT control). The
peptidylprolyl isomerase A (PPIA) reference gene selected for
the current study has been shown to be one of the most stable
genes for gene expression studies in cattle macrophages (27) and
lymphocytes (29), and in human LPS-stimulated monocytes (30).

Initial analysis of the RT-qPCR data was performed using RQ
Manager 1.2 (Applied Biosystems). Standard deviation of <0.3
per triplicate was accepted. The ACt method was used to calculate
RT-qPCR data, i.e., ACt = Cliarget gene — Clreference gene» and normal-
ized gene expression was calculated as 2 2. Distribution of the
data for the expression levels for each gene was tested by Shapiro-
Wilk’s normality test in R (R: A Language and Environment for
Statistical Computing, ver. 3.2.4, The R Core Team, 2016). The
differences of normalized gene expression levels between CD14*
baseline cells and CD14* cells from LN for each gene were tested
using either unpaired ¢-test (for normally distributed data) or the
unpaired Wilcoxon rank-sum test (for non-normally distributed
data) in GraphPad (GraphPad Prism version 7.00 for Windows,
GraphPad Software). Statistical significance was assigned at
P <0.05.

Statistics

Flow cytometry data were analyzed in the JMP Pro 12 statistical
software (SAS Institute). Differences between groups consisting
of different individuals were assessed by the Wilcoxon rank-
sum test, and are indicated by *. Differences between groups
consisting of the same individuals were assessed by the paired
t-test, and are indicated by . Statistical significance was assigned
at P < 0.05.

RESULTS

Adjuvant Injection Led to a Strong
Recruitment of Monocytes

A saponin-based adjuvant wasinjected subcutaneouslyin the flank
region of calves. Calves were euthanized at different time points
following injection, and blood as well as tissues at the injection
and contralateral sites, including skin, draining, and contralateral
LNs, were subjected to pathological and immunological analyses.

TABLE 1 | List of primers used for reverse transcription-quantitative PCR (RT-qPCR).

Gene symbol, accession no. Primers (5’ — 3) Amp (bp) Reference

CD14, NM_174008.1 CGATTTCCGTTGTGTCTGC 150 (16)
TACTGCTTCGGGTTGGTGT

CD16a, NM_001077402.1 Low-affinity FcyllIR TGTCTCGTCATTCTTTCTACCTTG 138 (16)
ACTTTGCCATCCCTCCATTC

CX3CR1, NM_001102558.2 CX5C-chemokine receptor 1 TCACCAGAGAGAAAGAGAACGA 108 (16)
GGAGCAGGAAGCCAAGAAA

CCR2, NM_001194959 CC-chemokine receptor 2 GATGAAGAACCCACCACCAG 118 (16)
CAAAGATGAAGACCAGCGAGTAG

TGF1, NM_001166068.1 Transforming growth factor beta 1 CAATTCCTGGCGCTACCTCA 121 Primer 3
GCCCTCTATTTCCTCTCTGCG

IL-1B, NM_174093.1 Interleukin-1 beta AAAAATCCCTGGTGCTGGCT 89 Primer 3
CATGCAGAACACCACTTCTCG

IL-6, NM_173923.2 Interleukin-6 CCTGAAGCAAAAGATCGCAGA 97 Primer 3
TGCGTTCTTTACCCACTCGT

IL-10, NM_174088.1 Interleukin-10 TATCCACTTGCCAACCAGCC 152 Primer 3
GGCAACCCAGGTAACCCTTA

IL-12B, NM_174356.1 Interleukin-12 subunit beta GAGGTCGTGGTAGAAGCTGT 87 Primer 3
TGGGTCTGGTTTGATGATGTCC

TNFa, NM_173966.3 Tumor necrosis factor alpha TCTTCTCAAGCCTCAAGTAACAAG 108 27)
CCATGAGGGCATTGGCATAC

Amp, amplicon.
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On macroscopic evaluation, the injection site was characterized
by a subcutaneous edema, and the draining LN was found to
be two- to threefold enlarged (not shown). These changes were
most pronounced at 24 h post-injection. Skin and LNs from the
contralateral side did not show these changes.

Histopathological evaluation of the skin on the injected side
revealed a diffuse, locally extensive, and moderate-to-severe
inflammation in deeper cutaneous and subcutaneous tissues
(Figure 1A), consisting of an infiltration of neutrophils, lympho-
cytes, and large monocyte-like cells (Figure 1B). A substantial

amount of the inflammatory infiltrate consisted of CD14" cells
(Figure 1C).

Flow cytometry analysis of cells from the draining LN revealed
a distinct appearance of numerous cells in the monocyte gate
at 24 h post-injection, which were only scarcely present in the
contralateral LN (Figures 2A,B). Also the relative percentage
of cells in the granulocyte gate was increased, while the overall
lymphocyte population was reduced at this time point. Detailed
results are presented in Table S1 in Supplementary Material. THC
staining of the draining LN demonstrated that numerous CD14*

A Skin, injected side

Skin, contralateral side

FIGURE 1 | Cellular recruitment to skin and subcutaneous tissues. (A) HE stained sections of skin with subcutaneous tissue from the side injected
with adjuvant and the contralateral side, at 24 h post-injection. Scale bars: 200 pm. (B) Enlargement of outlined areas in A, as indicated. Scale bars: 20 pm.
(C) Immunofluorescent labeling of subcutaneous tissue on the injected side with antibody against CD14 (green). Scale bar: 20 pm.
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FIGURE 2 | Cellular recruitment to lymph nodes (LN) and peripheral blood. (A) LN cells were prepared for FCM analysis and gated on forward/side
scatter (FSC/SSC) characteristics. Plots from one representative animal are presented. Panels illustrate the gating of lymphocytes, monocytes, and granulocytes
as indicated and in the draining LN (left) and the contralateral LN (right), at 24 h post-injection. (B) Percentages of major immune cell populations in LNs, based
on the gating strategy in A. Horizontal stacked bars show mean percentages of lymphocytes (gray), monocytes (dark gray), and granulocytes (black) of the total
live cell population in non-injected animals (n = 6) and at different time points after adjuvant injection (n = 2-3). (C) IHC labeling of draining and contralateral LNs
at 24 h post-injection with antibody against CD14. Different regions of the LN are indicated. (D) Cellular differential counts in peripheral blood. Horizontal stacked
bars show mean absolute numbers (x10°) of lymphocytes (gray), monocytes (dark gray), and granulocytes (black) at pre-injection and at different time points
after adjuvant injection.

cells were present in the subcapsular and peri-trabecular sinuses,
and in the T-cell zones of the cortex (Figure 2C).

There was a marked and transient increase in the absolute
number of granulocytes in peripheral blood, peaking at 24 h post-
injection, with a mean fold increase of 2.8 from pre-injected levels
(Figure 2D). The increase in the absolute number of monocytes
in blood was less evident and came later, peaking to a double level
at 72 h post-injection. Detailed results are presented in Table S2
in Supplementary Material.

Recruited Monocytes Were CD14** CD16*

Prior to adjuvant injection, monocytes from PBMC could be
divided into three different subsets based on the expression of
CD14 and CD16 (Figure 3A), coherent with previous reports (16,
17). Monocytes recruited to the draining LNs at 24 h post-injection
were of an essentially homogeneous CD14** CD16" phenotype
(Figure 3B). Moreover, the intensity of CD14 expression on
these LN monocytes was increased in comparison to monocytes
from PBMC (Figure 3C). CD14** cells from draining LNs were
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FIGURE 3 | Phenotype of recruited monocytes. Density plots of live cells (upper panels) from PBMC pre-injection (A) and the draining LN at 24 h post-injection
(B). Plots from one representative animal are presented. Monocytes were further gated into subsets based on their expression of CD14 and CD16 (lower panels).
Isotype control for CD14 on live cells from LN is shown far right. (C) CD14 expression on cells from the monocyte gate [as gated in (A,B)]. Histograms show the
isotype control for CD14 (light gray line), PBMC baseline (gray line), and draining LN at 24 h (black line). (D) CD11b expression and (E) CD62L expression on
CD14++ cells. Histograms show the secondary Ab control (gray line) and the draining LN at 24 h (black line).
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FIGURE 4 | Percentages of monocytes in LNs and PBMC. (A) Percentages of CD14*+ CD16* monocytes of total live cells in LNs of non-injected animals, and
in draining and contralateral LNs of injected animals at 24, 48, and 96 h post-injection. Symbols represent individual animals and the median value within each group
is depicted as a line. Statistical significant differences between injected and non-injected groups using the Wilcoxon rank-sum test are indicated as *P < 0.05.
Statistical significant differences between groups consisting of the same individuals (identical symbols) using the paired t-test are indicated as *P < 0.05. (B)
Percentage of CD14+ monocytes of live cells in PBMC at pre-injection, and at 24, 48, 72, and 96 h post-injection. Symbols and statistics as in (A) (*P < 0.05). (C)
Percentage of CD14+* CD16* monocytes of live cells in the draining high dose (subiliac) LN and the contralateral LN, and in the draining low-dose (superficial
cervical) LN. Symbols and statistics as in A (P < 0.05). (D) Percentage of CD14* monocytes of total live cells in PBMC at pre-injection and after 24 h. Symbols and
statistics as in A.

CD11b" (Figure 3D) and CD62L* (Figure 3E). Monocyte-gated
cells did not express the granulocyte antigen (CH138A) or the
T-cell marker CD3 in FCM, both confirmed to be present on cells
in the respective granulocyte and lymphocyte gates (not shown).

Monocytes Were Transiently Present in the
LN Cortex and Migrated via the Medulla to

Blood
Recruited CD14** CD16% cells constituted 20-41% of live cells in
the draining subiliac LN 24 h after adjuvant injection (Figure 4A).
In PBMC, CD14" monocytes tended to increase in percentage
later; measurably already at 24 h but apparently peaking in the
two consecutive days (Figure 4B).

In the second trial, the recruitment of CD14** CD16* mono-
cytes to the draining subiliac LN was again demonstrated, but in

lower numbers (Figure 4C). The second trial also included an
injection of a 10-fold lower dose of adjuvant in the neck region,
drained by the superficial cervical LN, leading to reduced recruit-
ment of monocytes. Like in the previous trial, an increase of CD14*
monocytes was demonstrated in blood after 24 h (Figure 4D).
The transient presence of monocytes in the draining LN was
also visualized by IF staining. A high number of CD14" cells were
present in the draining LN at 24 h post-injection (Figure 5A), but
not in the contralateral LN (Figure 5B). Monocytes did not express
Ki67, indicating that they were not in active proliferation after entry
to the LNs. After 48 h, monocytes had decreased in number in the
cortex of the draining LN (Figure 5C), but were present in moderate
to large amounts in the medulla, including the area around efferent
lymph vessels (Figure 5D). In the second trial, a similar monocyte
recruitment was observed to the LN cortex, but in lower numbers,
whereas more monocytes were present in the medulla already at
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Scale bars: 100 pm.

FIGURE 5 | Distribution of monocytes in the LNs. Immunofluorescent labeling of LNs with antibodies against CD14 (green), CD21 (blue), and Ki67 (red). CD21
stains the LN follicles. (A) CD14+ cells were present in the capsule, subcapsular sinus, peri-trabecular sinus, and interfollicular areas of the draining LN at 24 h
post-injection. (B) The contralateral LN was mainly devoid of CD14* cells. Note the empty sub capsular sinus and trabecular sinus areas, as opposed to the
infiltration in (A). (C) CD14+ cells were abundant in the capsule, but were decreased in numbers in the sinus and the cortex at 48 h post-injection. (D) CD14+ cells
were present in the medulla of the LN at 48 h post-injection, and particularly around vessels. Follicle (f), interfollicular area (i), capsule (c), sinus area (s), vessel (v).

24 h, indicating an earlier onset or a faster migration through the
lymphoid tissue than observed in the first trial (not shown).

Taken together, these findings indicated that an adjuvant
injection lead to a strong and transient recruitment of monocytes
to the LN cortex, followed by migration into the medullary areas
before departure via efferent vessels into the blood.

Monocytes in Skin and Draining LN Did
Not Express DC-Associated Markers

To investigate whether a differentiation of CD14* cells toward
a DC phenotype had taken place in subcutaneous tissues or in
the draining LN, IF triple labeling of skin and LN tissue was
performed with CD14 and the DC-associated markers CD205
and CD11c. Numerous CD14" monocytes were present in the
deep cutis and subcutis on the injected side at 24 h post-injection
(Figure 6A). A limited number of CD14~ CD205" cells were pre-
sent, possibly representing macrophages. Very few CD14* cells
were present in the skin on the non-injected side (Figure 6B).
A moderate amount of CD11c* CD205* cells were observed in
both the draining and the contralateral LN at 24 h post-injection,
most likely representing conventional LN DCs (Figure 6C, insert,

and Figure 6D). These cells did not triple label with the CD14-
marker. A minor proportion of CD14" cells in the draining LN
were found to be CD11c*, while none were CD205*. CD205 also
labeled cells within the lymphoid follicles, as previously assigned
to B cells in cattle (31). In FCM, CD14** cells from the draining
LN did not express CD205 (not shown).

Monocytes in the Draining LN Expressed
Genes Coding for Pro-Inflammatory
Cytokines and CCR2

To investigate the functional capacity of recruited monocytes,
CD14* cells from the draining subiliac LNs of injected calves
were isolated by positive selection and analyzed by RT-qPCR in
the second trial. Baseline gene expression values were obtained
from blood CD14" cells isolated from calves of the same age
and the same herd and were normalized to a housekeeping gene
(PPIA). Expression levels of genes encoding for CDI14, CDI16a,
IL-1B, IL-6, and TNFa were significantly higher in CD14*
cells from draining LNs compared to CD14* cells from blood
(P < 0.05, Figures 7A,B). TGFp also appeared upregulated,
although the difference from baseline blood was non-significant
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FIGURE 6 | Distribution of monocyte and DC markers in skin and LNs. Immunofluorescent labeling of subcutaneous tissues and LNs with antibodies against
CD14 (green), CD205 (red) and CD11c (blue), at 24 h post-injection. (A) Large numbers of CD14+ cells were observed in the subcutis on the injected side. Note the
separation of collagen bundles (appears as gray auto fluorescence, arrowheads) due to inflammatory infiltrates. A limited number of CD205* cells were present. (B)
A few CD14+ cells (arrow) were observed on the contralateral side. (C) CD14+ cells infiltrated the interfollicular areas of the cortex of the draining LN. A moderate
amount of CD205+ CD11c+ DCs were observed (arrow heads in insert). (D) CD14* cells were sparsely present in the contralateral LN. CD205* follicles were
surrounded by CD11c single labeled and CD11c* CD205* double labeled cells. Follicle (f), interfollicular area (i), capsule (c), sinus area (s). Scale bars: 100 pm.

in this limited material. No clear difference in expression of
IL-12p and IL-10 was found. Of the two chemokine receptors
assessed, CCR2 gene expression level was higher in most CD14*
samples from injected animals, but not to a significant degree,
likely due to an outlier in the baseline samples (Figure 7C). No
difference in expression of the gene coding for the chemokine
receptor CX;CR1 was found.

DISCUSSION

While most studies of cell migration from inflamed tissues to
draining LNs have focused on DCs (1), recent studies have shown
that also monocytes travel via this route (4, 8, 9, 32). We here
demonstrate a potent in vivo recruitment of monocytes to the
draining LN in a local acute inflammatory situation, and show
that these cells upregulate genes for pro-inflammatory cytokines.

Recruited cells were of a uniformly CD14** CD16* phe-
notype and, thus, phenotypically resembled the intermediate
monocyte subset described in humans (11, 20), and recently in
cattle (16, 17). However, in contrast to bovine blood monocytes,
we found that monocytes recruited in vivo to LNs stained more

brightly for CD14 (CD14**). This phenotype was supported by
RT-qPCR findings, showing a high gene expression for both
CD14 and CDI16a in these cells. CD14* cells isolated from LNs
had increased expression of genes associated with induction of
inflammation, including TNFa, IL-1f, IL-6, and TGFp. This is
in line with other reports of intermediate monocytes expanding
under different inflammatory conditions [reviewed by Italiani
and Boraschi (33) and Ziegler-Heitbrock (34)], and strongly
implicates a role for these CD14** CD16* monocytes in inflam-
matory processes in vivo.

Monocytes are believed to mainly differentiate into
macrophages or moDCs in the inflamed tissue, after which
predominantly moDCs will travel to the draining LN. These
moDCs or “inflammatory” DCs should not be confused with
conventional DCs that originate from an independent lineage of
hematopoietic cells (35), and which have best been described in
cattle in the afferent lymph (36-38). We found that the majority
of CD14* cells present in subcutaneous tissues and the draining
LNs did not express the DC-associated markers CD205 and
CDll1c. Moreover, unlike moDCs, CD14** cells were CD11b*
and CD62L*. The majority of studies of monocyte-derived
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FIGURE 7 | Gene expression of monocytes from the draining LN. Gene expression levels (normalized to the reference gene PPIA) of CD14+ cells isolated from
blood (baseline non-injected) and from the draining LN at 24 h post-injection, as analyzed by RT-gPCR. Symbols represent individual animals and the median value
within each group is depicted as a line. Statistical significant differences between the two groups using the unpaired t-test (for normally distributed data) are
indicated as *P < 0.05, and the Wilcoxon rank-sum test (for non-normally distributed data) are indicated as *P < 0.05. (A) Gene expression levels of CD14, CD16aq,
IL-1B, and TGFB. (B) Gene expression levels of IL-12f, TNFa, IL-6, and IL-10. Note the difference in y-axis range from (A). (C) Gene expression levels of chemokine
receptors CCR2 and CXsCR1. Note the difference in y-axis range from (A,B).

cells in cattle are based on in vitro generated cells from blood,
which have been shown to downregulate CD14 and CD62L and
upregulate CD205 (39-42). In mice, moDCs have been identified
based on a high surface expression of CD11c (9, 43), whereas in
humans CD11c is considered specific only for those DCs found
in lymphoid organs (44, 45). In cattle, both blood monocytes
and in vitro derived cells express CD11c, and the latter to a lesser
degree than the former (16, 41, 42, 46). However, the in vitro
differentiation of blood monocytes cannot fully recapitulate the
differentiation in vivo, which may be influenced by a combina-
tion of factors in the tissue environment, such as chemokines,
cytokines, or administered adjuvant or antigen. Collectively, the
overall phenotype indicates that the recruited cells in the present
study labeling CD14*+* CD16* CD11b* CD62L* were monocytes
rather than moDCs.

Monocytes were present in the skin and subcutaneous tissue at
the injection site and in high numbers in the sinus and the T-cell
area of the LN cortex. This is consistent with the possibility of a
monocyte migration from the skin to the draining LN via affer-
ent lymph. Indeed, the presence of monocytes in afferent lymph
of sheep (4, 47) and rat (32) has been described, and recently,
adoptively transferred monocytes were shown to migrate from
skin to the draining LN in mice (8, 9). We cannot exclude the
possibility that monocytes also entered the LN from blood via
high endothelial venules (HEVs), as CD14** cells were strongly
CD62L positive, and the recruitment of monocytes from blood
across HEVs has been reported (48). However, the predominant
route of monocyte trafficking to LNs is thought to be via the affer-
ent lymph (10, 43, 49). We also did not observe any monocytes
increase in blood prior to their appearance in LNs. Moreover, we
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found that the gene expression level of CCR2 was upregulated
in CD14* monocytes from the draining LNs, implicating this
chemokine receptor in the recruitment of bovine intermediate
monocytes to inflamed tissue.

The recruitment of monocyte to the draining LN was transient,
and after 48 h a population of monocytes remained in the medulla
only, suggesting an internal migration within the LN toward an
exit of these cells through efferent lymph vessels. In support of
this notion, we found an increase in CD14* monocytes in PBMC
starting around 24 h post-injection. We cannot exclude the pos-
sibility that some of these circulating monocytes were recruited
from the bone marrow or splenic reservoirs, as expected during
an inflammation. Nevertheless, the substantial passage of mono-
cytes through LNs represents a phenomenon that to our knowl-
edge is not well documented in the literature, probably due to its
highly transient nature. To get a gross idea of the dose-response
effect of the adjuvant, a second trial included an injection of a
10-fold lower adjuvant dose, leading to reduced recruitment of
monocytes. However, this was performed at a differing anatomi-
cal location, and the evaluation of the efficacy and safety of the
given adjuvant in a potential vaccine context warrants additional
studies, being outside the scope of the presented study.

A large part of our knowledge on leukocyte recirculation
derives from large animal models, and ruminants can serve as
excellent in vivo models due to their size and the possibility to
follow cell migration via lymphatic cannulation (4, 36, 38, 50, 51).
More knowledge on the initiation of immune responses in cattle
can form a basis for new vaccines in this species, but also be impor-
tant for understanding processes in mammals at large, including
humans. To this end, a combination of methods in experimental
post-mortem analyses as presented herein can offer powerful tools
for future studies of dynamics and recirculation of immune cells,
in the steady state as well as under inflammatory conditions.

REFERENCES

1. Girard JP, Moussion C, Forster R. HEV's, lymphatics and homeostatic immune
cell trafficking in lymph nodes. Nat Rev Immunol (2012) 12(11):762-73.
doi:10.1038/nri3298

2. Jenkins SJ, Hume DA. Homeostasis in the mononuclear phagocyte system.
Trends Immunol (2014) 35(8):358-67. doi:10.1016/}.it.2014.06.006

3. van Furth R, Cohn ZA, Hirsch JG, Humphrey JH, Spector WG, Langevoort
HL. The mononuclear phagocyte system: a new classification of macrophages,
monocytes, and their precursor cells. Bull World Health Organ (1972)
46(6):845-52.

4. Bonneau M, Epardaud M, Payot E, Niborski V, Thoulouze MI, Bernex E
et al. Migratory monocytes and granulocytes are major lymphatic carriers
of Salmonella from tissue to draining lymph node. J Leukoc Biol (2006)
79(2):268-76. doi:10.1189/j1b.0605288

5. de Veer M, Kemp J, Chatelier J, Elhay MJ, Meeusen EN. The kinetics of soluble
and particulate antigen trafficking in the afferent lymph, and its modulation
by aluminum-based adjuvant. Vaccine (2010) 28(40):6597-602. doi:10.1016/j.
vaccine.2010.07.056

6. de Veer M, Kemp J, Chatelier J, Elhay MJ, Meeusen EN. Modulation of
soluble and particulate antigen transport in afferent lymph by monophos-
phoryllipid A. Immunol Cell Biol (2012) 90(4):404-10. doi:10.1038/icb.2011.53

7. deVeer M, Neeland M, Burke M, Pleasance J, Nathanielsz ], Elhay M, et al. Cell
recruitment and antigen trafficking in afferent lymph after injection of antigen
and poly(I:C) containing liposomes, in aqueous or oil-based formulations.
Vaccine (2013) 31(7):1012-8. doi:10.1016/j.vaccine.2012.12.049

AUTHOR CONTRIBUTIONS

HL: study design, sample collection and preparation, FCM, data
interpretation, and writing of manuscript. PB: study design,
FCM, data interpretation, writing, and editing of manuscript.
CA: study design, THC and IF stainings, data interpretation,
writing, and editing of manuscript. AL-S: study design, sample
collection, RT-qPCR analysis, writing, and editing of manuscript.
AKS: Study design, data interpretation, writing, and editing of
manuscript. All authors approved the final manuscript and are
accountable for all aspects of the presented study.

ACKNOWLEDGMENTS

We are grateful to Novavax AB for supplying Matrix-Q™ adju-
vant. We greatly acknowledge Grethe M. Johansen for assistance
with sample preparation and flow cytometry, Mari Katharina
Aas Adland for immunohistochemical staining of tissue sec-
tions, Adam Martin and Haakon Aaen for technical assistance
and care of animals, and Arild Espenes and Line Olsen for
post-mortem sample collection, all at Norwegian University of
Life Sciences.

FUNDING

This study was funded by the Research Council of Norway (grant
183196/540) and the Norwegian University of Life Sciences.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00322

8. Jakubzick C, Gautier EL, Gibbings SL, Sojka DK, Schlitzer A, Johnson TE, et al.
Minimal differentiation of classical monocytes as they survey steady-state tis-
sues and transport antigen to lymph nodes. Immunity (2013) 39(3):599-610.
doi:10.1016/j.immuni.2013.08.007

9. Leirido P, del FC, Ardavin C. Monocytes as effector cells: activated Ly-6C™&"

mouse monocytes migrate to the lymph nodes through the lymph and

cross-present antigens to CD8" T cells. Eur ] Immunol (2012) 42(8):2042-51.
doi:10.1002/€ji.201142166

Shi C, Pamer EG. Monocyte recruitment during infection and inflammation.

Nat Rev Immunol (2011) 11(11):762-74. doi:10.1038/nri3070

Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, et al.

Nomenclature of monocytes and dendritic cells in blood. Blood (2010)

116(16):e74-80. doi:10.1182/blood-2010-02-258558

Wong KL, Tai JJ, Wong WC, Han H, Sem X, Yeap WH, et al. Gene expression

profiling reveals the defining features of the classical, intermediate, and non-

classical human monocyte subsets. Blood (2011) 118(5):e16-31. doi:10.1182/
blood-2010-12-326355

Cros J, Cagnard N, Woollard K, Patey N, Zhang SY, Senechal B, et al.

Human CD14dim monocytes patrol and sense nucleic acids and viruses via

TLR7 and TLR8 receptors. Immunity (2010) 33(3):375-86. doi:10.1016/j.

immuni.2010.08.012

Ziegler-Heitbrock L. The CD14* CD16* blood monocytes: their role in

infection and inflammation. J Leukoc Biol (2007) 81(3):584-92. d0i:10.1189/

j1b.0806510

Boysen P, Gunnes G, Pende D, Valheim M, Storset AK. Natural killer cells in

lymph nodes of healthy calves express CD16 and show both cytotoxic and

10.

11.

12.

13.

14.

15.

Frontiers in Immunology | www.frontiersin.org

August 2016 | Volume 7 | Article 322


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1038/nri3298
http://dx.doi.org/10.1016/j.it.2014.06.006
http://dx.doi.org/10.1189/jlb.0605288
http://dx.doi.org/10.1016/j.vaccine.2010.07.056
http://dx.doi.org/10.1016/j.vaccine.2010.07.056
http://dx.doi.org/10.1038/icb.2011.53
http://dx.doi.org/10.1016/j.vaccine.2012.12.049
http://dx.doi.org/10.1016/j.immuni.2013.08.007
http://dx.doi.org/10.1002/eji.201142166
http://dx.doi.org/10.1038/nri3070
http://dx.doi.org/10.1182/blood-2010-02-258558
http://dx.doi.org/10.1182/blood-2010-12-326355
http://dx.doi.org/10.1182/blood-2010-12-326355
http://dx.doi.org/10.1016/j.immuni.2010.08.012
http://dx.doi.org/10.1016/j.immuni.2010.08.012
http://dx.doi.org/10.1189/jlb.0806510
http://dx.doi.org/10.1189/jlb.0806510
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00322

Lund et al.

Monocyte Migration to Lymph Node

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

cytokine-producing properties. Dev Comp Immunol (2008) 32(7):773-83.
doi:10.1016/j.dci.2007.11.006

Corripio-Miyar Y, Hope ], McInnes CJ, Wattegedera SR, Jensen K, Pang Y,
et al. Phenotypic and functional analysis of monocyte populations in cattle
peripheral blood identifies a subset with high endocytic and allogeneic T-cell
stimulatory capacity. Vet Res (2015) 46:112. doi:10.1186/s13567-015-0246-4
Hussen ], Duvel A, Sandra O, Smith D, Sheldon IM, Zieger P, et al. Phenotypic
and functional heterogeneity of bovine blood monocytes. PLoS One (2013)
8(8):¢71502. doi:10.1371/journal.pone.0071502

Reynolds G, Haniffa M. Human and mouse mononuclear phagocyte
networks: a tale of two species? Front Immunol (2015) 6:330. doi:10.3389/
fimmu.2015.00330

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal
subsets with distinct migratory properties. Immunity (2003) 19(1):71-82.
doi:10.1016/5S1074-7613(03)00174-2

Ziegler-Heitbrock L, Hofer TP. Toward a refined definition of monocyte
subsets. Front Immunol (2013) 4:23. d0i:10.3389/fimmu.2013.00023
Aguilar-Ruiz SR, Torres-Aguilar H, Gonzalez-Dominguez E, Narvaez J,
Gonzalez-Perez G, Vargas-Ayala G, et al. Human CD16+ and CD16- mono-
cyte subsets display unique effector properties in inflammatory conditions
in vivo. J Leukoc Biol (2011) 90(6):1119-31. doi:10.1189/j1b.0111022

Ancuta P,Rao R, Moses A, Mehle A, Shaw SK, Luscinskas FW, et al. Fractalkine
preferentially mediates arrest and migration of CD16+ monocytes. ] Exp Med
(2003) 197(12):1701-7. doi:10.1084/jem.20022156

Lovgren Bengtsson K, Morein B, Osterhaus A. ISCOM technology-based
Matrix M™ adjuvant: success in future vaccines relies on formulation. Expert
Rev Vaccines (2011) 10(4):401-3. doi:10.1586/erv.11.25

Magnusson SE, Reimer JM, Karlsson KH, Lilja L, Bengtsson KL, Stertman L.
Immune enhancing properties of the novel Matrix-M adjuvant leads to
potentiated immune responses to an influenza vaccine in mice. Vaccine (2013)
31(13):1725-33. doi:10.1016/j.vaccine.2013.01.039

Reimer JM, Karlsson KH, Lovgren-Bengtsson K, Magnusson SE, Fuentes A,
Stertman L. Matrix-M™ adjuvant induces local recruitment, activation and
maturation of central immune cells in absence of antigen. PLoS One (2012)
7(7):e41451. doi:10.1371/journal.pone.0041451

Akesson CP, Mc LPC, Espenes A, Aleksandersen M. Phenotypic charac-
terisation of intestinal dendritic cells in sheep. Dev Comp Immunol (2008)
32(7):837-49. doi:10.1016/j.dci.2007.12.004

Lewandowska-Sabat AM, Boman GM, Downing A, Talbot R, Storset AK,
Olsaker I. The early phase transcriptome of bovine monocyte-derived mac-
rophages infected with Staphylococcus aureus in vitro. BMC Genomics (2013)
14:891. doi:10.1186/1471-2164-14-891

Untergasser A, Cutcutache I, Koressaar T, Ye ], Faircloth BC, Remm M,
et al. Primer3 - new capabilities and interfaces. Nucleic Acids Res (2012)
40(15):e115. doi:10.1093/nar/gks596

Spalenza V, Girolami E, Bevilacqua C, Riondato F, Rasero R, Nebbia C, et al.
Identification of internal control genes for quantitative expression analysis by
real-time PCR in bovine peripheral lymphocytes. Vet ] (2011) 189(3):278-83.
doi:10.1016/j.tvjl.2010.11.017

Piehler AP, Grimholt RM, Ovstebo R, Berg JP. Gene expression results
in lipopolysaccharide-stimulated monocytes depend significantly on the
choice of reference genes. BMC Immunol (2010) 11:21. doi:10.1186/1471-
2172-11-21

Gliddon DR, Hope JC, Brooke GP, Howard CJ. DEC-205 expression on
migrating dendritic cells in afferent lymph. Immunology (2004) 111(3):262-72.
doi:10.1111/j.0019-2805.2004.01820.x

Yrlid U, Jenkins CD, MacPherson GG. Relationships between distinct blood
monocyte subsets and migrating intestinal lymph dendritic cells in vivo under
steady-state conditions. JImmunol (2006) 176(7):4155-62. doi:10.4049/
jimmunol.176.7.4155

Italiani P, Boraschi D. From monocytes to M1/M2 macrophages: phenotyp-
ical vs. functional differentiation. Front Immunol (2014) 5:514. doi:10.3389/
fimmu.2014.00514

Ziegler-Heitbrock L. Blood monocytes and their subsets: established
features and open questions. Front Immunol (2015) 6:423. doi:10.3389/
fimmu.2015.00423

Murphy KM. Transcriptional control of dendritic cell development.
Adv Immunol (2013) 120:239-67. d0i:10.1016/B978-0-12-417028-5.00009-0

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hope JC, Howard CJ, Prentice H, Charleston B. Isolation and purification of
afferent lymph dendritic cells that drain the skin of cattle. Nat Protoc (2006)
1(2):982-7. doi:10.1038/nprot.2006.125

Hope JC, Sopp P, Collins RA, Howard CJ. Differences in the induction of CD8*
T cell responses by subpopulations of dendritic cells from afferent lymph are
related to IL-1 alpha secretion. J Leukoc Biol (2001) 69(2):271-9.

Neeland MR, Meeusen EN, de Veer MJ. Afferent lymphatic cannulation as
a model system to study innate immune responses to infection and vacci-
nation. Vet Immunol Immunopathol (2014) 158(1-2):86-97. doi:10.1016/j.
vetimm.2013.01.004

Mackenzie-Dyck S, Attah-Poku S, Juillard V, Babiuk LA, van Drunen
Littel-van den Hurk S. The synthetic peptides bovine enteric beta-defensin
(EBD), bovine neutrophil beta-defensin (BNBD) 9 and BNBD 3 are chemo-
tactic for immature bovine dendritic cells. Vet Immunol Immunopathol (2011)
143(1-2):87-107. doi:10.1016/j.vetimm.2011.06.028

Rajput MK, Darweesh MEF, Park K, Braun L], Mwangi W, Young AJ, et al. The
effect of bovine viral diarrhea virus (BVDV) strains on bovine monocyte-
derived dendritic cells (Mo-DC) phenotype and capacity to produce BVDV.
Virol J (2014) 11:44. doi:10.1186/1743-422X-11-44

Summerfield A, Auray G, Ricklin M. Comparative dendritic cell biology of
veterinary mammals. Annu Rev Anim Biosci (2015) 3:533-57. doi:10.1146/
annurev-animal-022114-111009

Werling D, Hope JC, Chaplin P, Collins RA, Taylor G, Howard CJ. Involvement
of caveolae in the uptake of respiratory syncytial virus antigen by dendritic
cells. ] Leukoc Biol (1999) 66(1):50-8.

Randolph GJ, Inaba K, Robbiani DF, Steinman RM, Muller WA. Differentiation
of phagocytic monocytes into lymph node dendritic cells in vivo. Immunity
(1999) 11(6):753-61. doi:10.1016/S1074-7613(00)80149-1

Geissmann F, Gordon S, Hume DA, Mowat AM, Randolph GJ. Unravelling
mononuclear phagocyte heterogeneity. Nat Rev Immunol (2010) 10(6):453-60.
doi:10.1038/nri2784

Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K.
Development of monocytes, macrophages, and dendritic cells. Science (2010)
327(5966):656-61. doi:10.1126/science.1178331

Pinchuk LM, Boyd BL, Kruger EE, Roditi I, Furger A. Bovine dendritic cells
generated from monocytes and bone marrow progenitors regulate immuno-
globulin production in peripheral blood B cells. Comp Immunol Microbiol
Infect Dis (2003) 26(4):233-49. d0i:10.1016/S0147-9571(02)00061-9
Schwartz-Cornil I, Epardaud M, Albert JP, Bourgeois C, Gérard F, Raoult I,
et al. Probing leukocyte traffic in lymph from oro-nasal mucosae by cervical
catheterization in a sheep model. ] Immunol Methods (2005) 305(2):152-61.
doi:10.1016/j.jim.2005.06.019

Nakano H, Lin KL, Yanagita M, Charbonneau C, Cook DN, Kakiuchi T,
et al. Blood-derived inflammatory dendritic cells in lymph nodes stimulate
acute T helper type 1 immune responses. Nat Immunol (2009) 10(4):394-402.
doi:10.1038/ni.1707

Leén B, Loépez-Bravo M, Ardavin C. Monocyte-derived dendritic cells
formed at the infection site control the induction of protective T helper 1
responses against Leishmania. Immunity (2007) 26(4):519-31. doi:10.1016/j.
immuni.2007.01.017

Lund H, Boysen P, Hope JC, Sjurseth SK, Storset AK. Natural killer cells in
afferent lymph express an activated phenotype and readily produce IFN-g.
Front Immunol (2013) 4:395. doi:10.3389/fimmu.2013.00395
Schwartz-Cornil I, Epardaud M, Bonneau M. Cervical duct cannulation in
sheep for collection of afferent lymph dendritic cells from head tissues. Nat
Protoc (2006) 1(2):874-9. doi:10.1038/nprot.2006.147

Conflict of Interest Statement: The authors declare that no financial or commer-
cial conflict of interest exists in relation to the content of this article. The authors
have no financial involvement in Novavax AB.

Copyright © 2016 Lund, Boysen, Akesson, Lewandowska-Sabat and Storset. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

August 2016 | Volume 7 | Article 322


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1016/j.dci.2007.11.006
http://dx.doi.org/10.1186/s13567-015-0246-4
http://dx.doi.org/10.1371/journal.pone.0071502
http://dx.doi.org/10.3389/fimmu.2015.00330
http://dx.doi.org/10.3389/fimmu.2015.00330
http://dx.doi.org/10.1016/S1074-7613(03)00174-2
http://dx.doi.org/10.3389/fimmu.2013.00023
http://dx.doi.org/10.1189/jlb.0111022
http://dx.doi.org/10.1084/jem.20022156
http://dx.doi.org/10.1586/erv.11.25
http://dx.doi.org/10.1016/j.vaccine.2013.01.039
http://dx.doi.org/10.1371/journal.pone.0041451
http://dx.doi.org/10.1016/j.dci.2007.12.004
http://dx.doi.org/10.1186/1471-2164-14-891
http://dx.doi.org/10.1093/nar/gks596
http://dx.doi.org/10.1016/j.tvjl.2010.11.017
http://dx.doi.org/10.1186/1471-2172-11-21
http://dx.doi.org/10.1186/1471-2172-11-21
http://dx.doi.org/10.1111/j.0019-2805.2004.01820.x
http://dx.doi.org/10.4049/jimmunol.176.7.4155
http://dx.doi.org/10.4049/jimmunol.176.7.4155
http://dx.doi.org/10.3389/fimmu.2014.00514
http://dx.doi.org/10.3389/fimmu.2014.00514
http://dx.doi.org/10.3389/fimmu.2015.00423
http://dx.doi.org/10.3389/fimmu.2015.00423
http://dx.doi.org/10.1016/B978-0-12-417028-5.00009-0
http://dx.doi.org/10.1038/nprot.2006.125
http://dx.doi.org/10.1016/j.vetimm.2013.01.004
http://dx.doi.org/10.1016/j.vetimm.2013.01.004
http://dx.doi.org/10.1016/j.vetimm.2011.06.028
http://dx.doi.org/10.1186/1743-422X-11-44
http://dx.doi.org/10.1146/annurev-animal-022114-111009
http://dx.doi.org/10.1146/annurev-animal-022114-111009
http://dx.doi.org/10.1016/S1074-7613(00)80149-1
http://dx.doi.org/10.1038/nri2784
http://dx.doi.org/10.1126/science.1178331
http://dx.doi.org/10.1016/S0147-9571(02)00061-9
http://dx.doi.org/10.1016/j.jim.2005.06.019
http://dx.doi.org/10.1038/ni.1707
http://dx.doi.org/10.1016/j.immuni.2007.01.017
http://dx.doi.org/10.1016/j.immuni.2007.01.017
http://dx.doi.org/10.3389/fimmu.2013.00395
http://dx.doi.org/10.1038/nprot.2006.147
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Transient Migration of Large Numbers of CD14++ CD16+ Monocytes to the Draining Lymph Node after Onset of Inflammation
	Introduction
	Materials and Methods
	Animals and Experimental Design
	Tissue Collection and Preparation
	Immunohistochemistry
	Immunofluorescence
	Flow Cytometry
	Isolation of CD14+ Cells and 
RT-qPCR Analysis
	Statistics

	Results
	Adjuvant Injection Led to a Strong Recruitment of Monocytes
	Recruited Monocytes Were CD14++ CD16+
	Monocytes Were Transiently Present in the LN Cortex and Migrated via the Medulla to Blood
	Monocytes in Skin and Draining LN Did Not Express DC-Associated Markers
	Monocytes in the Draining LN Expressed Genes Coding for Pro-Inflammatory Cytokines and CCR2

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


