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Introduction

Summary

Macaques provide important animal models in biomedical research into
infectious and chronic inflammatory disease. Therefore, a proper under-
standing of the similarities and differences in immune function between
macaques and humans is needed for adequate interpretation of the data and
translation to the human situation. Dendritic cells are important as key
regulators of innate and adaptive immune responses. Using a new whole
blood assay we investigated functional characteristics of blood plasmacytoid
dendritic cells (pDC), myeloid dendritic cells (mDC) and monocytes in
rhesus macaques by studying induction of activation markers and cytokine
expression upon Toll-like receptor (TLR) stimulation. In a head-to-head
comparison we observed that rhesus macaque venous blood contained rela-
tively lower numbers of pDC than human venous blood, while mDC and
monocytes were present at similar percentages. In contrast to humans, pDC
in rhesus macaques expressed the interleukin (IL)-12p40 subunit in response
to TLR-7/8 as well as TLR-9 stimulation. Expression of IL-12p40 was
confirmed by using different monoclonal antibodies and by reverse
transcription—polymerase chain reaction (RT-PCR). Both in humans and
rhesus macaques, TLR-4 stimulation induced IL-12p40 expression in mDC
and monocytes, but not in pDC. The data show that, in contrast to humans,
pDC in macaques are able to express IL-12p40, which could have conse-
quences for evaluation of human vaccine candidates and viral infection.

Keywords: animal models — non-human primates, cytokine/interleukin/
chemokine receptors, dendritic cells (myeloid, plasmacytoid, monocyte-
derived), Toll-like receptors (TLRs)

ecules and cytokines, is critically important for induction
of adaptive immune responses during natural infection as

Non-human primates (NHP) provide essential models for
biomedical research and have been crucial in understanding
the pathogenesis of infectious diseases such as acquired
immunodeficiency syndrome (AIDS), influenza, malaria
and tuberculosis [1]. The close phylogenetic relationship
with humans and consequential significant biological,
immunological and genetic similarities make NHP a highly
relevant animal model in preclinical safety, immunogenicity
and efficacy evaluation of vaccines and therapies.

Denderitic cells (DCs) play an essential role in the induc-
tion and regulation of immune responses [2]. Hence,
appropriate triggering of DC function, including antigen
presentation, migration, expression of co-stimulatory mol-

well as during vaccination. DC function is modulated by
infection with viruses such as HIV, hepatitis C virus and
dengue virus [3-7]. For instance, chronic HIV infection in
humans is associated with a reduced number of DC in
blood and lymphoid tissues and decreased DC-mediated
interferon (IFN)-o production [8-13]. A similar depletion
and loss of function of plasmacytoid DC (pDC) is seen in
the simian immunodeficiency virus (SIV) infection model
of AIDS in macaques, while for myeloid (mDC) both a
decrease as well as an increase has been reported [14-18].
Depletion of pDC in the blood may, in part, be a result
of migration to the lymphoid tissues, where increased

numbers have been reported both in SIV-infected
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macaques [19-21] as well as in HIV-1 infected humans
[22].

The important role of DC in vaccination as well as in
inflammation and infectious disease implies that the appro-
priate interpretation of results obtained in NHP disease
models requires a proper understanding of phenotypic and
functional characteristics of NHP DC in comparison with
human DC. Several studies have shown that although NHP
DC do not completely recapitulate the human DC system,
they reflect it more closely than murine DC models [23]. As
in humans, two populations of circulating DCs have been
characterized, i.e. mDC, defined as negative for the lineage
markers (CD3, CD8, CDI14, CD20), human leucocyte
antigen D-related (HLA-DR)*, CD11c*, CD123™ and pDC,
which are lineage”, HLA-DR*, CD11c, CD123* [2,16,24].
Both human and NHP mDC mature upon granulocyte—
macrophage colony-stimulating factor (GM-CSF) and
CD40L stimulation, have potent allostimulatory and inter-
leukin (IL)-12-producing capacity and express the innate
Toll-like receptors (TLRs) -3, -4, -7 and -8 [24,25]. Instead,
human and rhesus pDC are sensitive to IL-3 stimulation,
are the main type I interferon (IFN)-producing cells and
express TLR-7 and -9 [24-28].

Previous studies on DC function in rhesus macaques
have all been performed on isolated peripheral blood
mononuclear cells (PBMC) or on cells isolated from lym-
phoid organs or other tissues [24-28]. However, these puri-
fication techniques can lead to a loss of specific subsets or
result in some activation due to the reagents used and hence
introduce artefacts. Recently, a whole blood (WB) stimula-
tion assay was developed to study TLR-mediated activation
of human peripheral blood DC [29]. Subsequent staining
with a panel of monoclonal antibodies (mADb) to discrimi-
nate the pDC and mDC subsets in combination with either
CD83, CD80 maturation markers or tumour necrosis factor
(TNF)-a, IL-12, IEN-o intracellular cytokines allowed for
simultaneous analysis of the response in these defined
subsets upon stimulation [29]. In this study we performed
this assay to study DC function in peripheral blood of
rhesus macaques in a direct comparison with whole blood
samples of human volunteers. Surprisingly, we observed
that pDC in macaques express IL-12p40 upon TLR-7/8
stimulation, in contrast to human pDC exposed to the same
ligand. Similar results were obtained following TLR-9
[cytosine—phosphate—guanosine  (CpG-C)]  stimulation,
while TLR-4 [lipopolysaccharide (LPS)] did not induce
IL-12p40 expression in pDC, in agreement with reported
TLR expression profiles [25]. Induction of IL-12p40 expres-
sion was confirmed further by polymerase chain reaction
(PCR) using purified fluorescence activated cell sorted
(FACS) pDC.

Our results show that in rhesus macaques pDC in
peripheral blood express IL-12p40 upon TLR-7/8 and
TLR-9 stimulation, which could potentially affect their
response to vaccination and viral infection.

Materials and methods

Animals

This study was performed in mature captive-bred Indian
origin rhesus monkeys (Macaca mulatta) that were housed
at the Biomedical Primate Research Center, Rijswijk, the
Netherlands. All procedures were in accordance with the
international guidelines for non-human primate care and
use (The European Council Directive 2010/63/EU and Con-
vention ETS 123, including the revised Appendix A). The
Institutional Animals Care and Use Committee (DEC-
BPRC) approved the study protocols developed according
to strict international ethical and scientific standards and
guidelines. Human peripheral blood was obtained from
informed healthy volunteer donors via the Netherlands Red
Cross Blood Bank.

Monoclonal antibodies

The following mAb were used; CD20Y*° (clone 127),
CD45Y (clone TU116), CD3"™ (clone SP34), CD16%¢
(clone 3G8), CD80™ (clone L1307-4), anti-IL12p40/
70" (clone C11:5), anti-TNF-0® (clone Mabll),
CD123% %% (clone 7G3), CD11c*¢ (clone S-HCL3), anti-
TNF-05%7 (clone Mabll) and HLA-DR*“7 (clone
1243), all from Becton Dickinson (San Jose, CA, USA),
CD8"™ (clone DK25; Dako, Glostrup, Denmark), CD14*
red (clone RMO052; Beckman Coulter, Brea, CA, USA),
IL-12p40/70™ (clone C8-6; Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) and CD83"* (clone HB15a; Beckman
Coulter). For detection of IFN-o, the mAb MMHA2 was
used (Invitrogen, Breda, the Netherlands).

Whole blood stimulation assay

Heparinized venous blood was used within 3 h of collec-
tion. The assay was performed in 5-ml polypropylene tubes
(Becton Dickinson), to which 200 ul of whole blood was
added. The stimulation assay was performed by adding to
all tubes 800 pl RPMI-1640 medium (Gisco, Carlsbad, CA,
USA), 15U/ml heparin, 0-1% fetal calf serum (FCS)
(GiBco), PB-mercaptoethanol (50 uM; GiBco), penicillin
(50 U/ml) and streptomycin (50 mg/ml) and 10 ng/ml
recombinant human IL-3 (Peprotech, London, UK). The
tubes were incubated either without further stimulus or in
the presence of TLR-7/8 (1 ug/ml CL097; Invivogen, San
Diego, CA, USA), TLR-9 (5 uM CpG-C, M362; Girundus,
Cincinnatti, OH, USA) or TLR-4 (1 ug/ml LPS, serotype
026:B6; Sigma 18274, St Louis, MO, USA) agonists at 37°C
for 8 h. Golgiplug (1:1000; Becton Dickinson) was added
after 2 h of incubation, to prevent protein secretion. The
kinetics of induction of CD83, CD80 and cytokine expres-
sion was determined by incubating the blood for 3, 5, 8 or
16 h with TLR ligands, with Golgiplug added after 1, 1, 2
and 2 h, respectively.
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incubated with anti-IFN-a—phycoerythrin (PE) conjugate
or a mixture of anti-IL-12"* and anti-TNF-0"* diluted in
Becton Dickinson perm/wash solution for 30 min at 4°C in

FACS analysis

To establish the absolute number of pDC, mDC and
monocytes, 200 pl of heparinized blood was stained with a
mixture of mAb, consisting of: CD45"%, CD3"™¢, CD8"™c,
CD16, CD20"™C, CD1 4PE—TxRed’ CD123% P05 CD11cMC
and HLA-DRAP<CY,
Fluorospheres (Beckman Coulter) was added to each tube.

the dark. After washing with 1 ml of perm/wash solution,
cells were fixed in PBS with 2% paraformaldehyde.

For detection of IFN-c. in rhesus macaques, the commer-
cially available unlabelled mAb (MMHA2) was labelled
with PE using Zenon labelling technology (Zenon mouse
IgGl kit; Molecular Probes). Flow cytometry was per-
formed on a LSRII or FACSaria using Diva software (Becton
Dickinson).

The analysis strategy of the FACS data is depicted in
Fig. 1. In brief, the forward-scatter (FSC)-A was plotted
against the side-scatter (SSC)-A and an extended lympho-
cyte gate was drawn to select lymphocytes as well as
monocyte and DC populations. Then, cells negative for live/
dead (L/D) stain and positive for CD45 were gated. Subse-
quently, the fluorescein isothiocyanate (FITC) signal
(consisting of a combination of CD3, CD8, CD16 and
CD20) was plotted against HLA-DR. Lineage-negative/
HLA-DR-positive cells were selected and CD14 was used to
identify CD14-positive monocytes and a population of
negative cells containing DC. Within the DC population,
CD123 was plotted against CD11c to select the CD11c”/
CD123* pDC and CD11¢"/CD123~ mDC subpopulations.
Fluorescence minus one (FMO) controls, containing all
mAb except for the PE or PE-Cy7-labelled mAb, showed the

A fixed amount of Flow-Count

Absolute number of monocytes, pDC and mDC was estab-
lished by selecting CD45-positive cells and then the respec-
tive subsets by using the gating strategy described below.
Absolute number per ml was calculated as: number of
recorded monocytes, pDC or mDC X bead concentration/
number of recorded beads.

For the time—course experiments, the stimulated blood
samples were first washed with PBS and incubated with
50 ul of live/dead fixable violet dead cell stain kit (Molecu-
lar Probes, Eugene, OR, USA; cat. no. L34955), diluted in
PBS for 15min at 4°C in the dark. After washing the
samples were incubated for 20 min at 4°C with a mixture of
mAD for surface staining, consisting of: CD45"*%, CD3"'€,
CDS8M'C, CD16"C, CD20™C, CD14"1xked  CD]23PerChors,
CD11c*¢ and HLA-DR*““, supplemented with CD83"*
or with CD80. Subsequently, cells were washed once with
1 ml cold PBS and 2 ml lysing solution (Becton Dickinson)
was added for 10 min at room temperature. Cells were
pelleted and fixed in PBS with 2% paraformaldehyde or
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10° 10°F 10° mono
3.81
10* E o 10F 16 787 -
[ aQ 3 = 3 . a
S10°F < 10 Q10 =
2 = 2 O 2 8
10 & 95.7] I 10 10° [ /E))
E
0. 0 OFL 0
s L Laud e duad TIIREPRT Y Lo uad Lol Lo Lol Lol
0 102 10°® 10* 10° 0 102 10° 10* 10° 0 10% 10° 10* 10° 0 102 10° 10* 10°
CD45 Lin (CD83,8,16,20) Lin (CD83,8,16,20) CD11c

250 k
10t mono
200 k [ 1817
10 8|
8 150 k A
0 4103
D 100 k o

50 k

0 102 10° 1
CD45

0* 10°

0102 103 10* 10°
Lin (CD83,8,16,20)

0F .

ikl rad

h(.)102 1‘03 1‘04 1‘05
Lin (CD83,8,16,20)

0102 10® 10* 10°
CD11c

Fig. 1. Analysis of rhesus versus human peripheral blood dendritic cell (DC) subsets. For analysis of monocytes and DC in rhesus macaques

(top row) and humans (bottom row), an extensive lymphogate is drawn in the forward-scatter (FSC)/side-scatter plot (SSC), encompassing all
lymphocyte, monocyte and DC subsets. Subsequently, cells negative for live/dead (L/D) stain and positive for CD45 are gated and expression of
lineage markers (combination of CD3, CD8, CD16, CD20) is plotted against human leucocyte antigen D-related (HLA-DR). Within this plot the
Lin~, HLA-DR" cells are selected and expression of CD14 is used to identify the monocytes. The CD14" cells are then divided into a CD11¢*/CD123~
mDC and a CD11¢/CD123* pDC subset. Figures in the graphs indicate per gate the number of cells as a percentage of the parental population. The
relative difference in plasmacytoid dendritic cell (pDC) percentages between the rhesus and human sample is striking.
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same level of expression as CD83 or CD80 on fresh cells.
Background expression was not increased after stimulation.

Because the data showed that regardless of stimulation
condition, after 8 h >95% of the cells were still found within
the live/CD45" gate, these markers were not included in
subsequent experiments. Instead, CD20 was used in the
V450 detection channel to allow separate analysis of the B
cells, as described previously [30]. The minimal number of
white blood cells analysed per tube was 200 000. The
minimal number of pDC, mDC and monocytes analysed
were 75, 500 and 3000, respectively.

Detection of IL-12p40 mRNA expression

A multi-step procedure was used to measure IL-12p40
mRNA expression in purified peripheral blood pDC and
mDC upon TLR stimulation. First, PBMC were isolated
from peripheral blood wusing lymphocyte separation
medium (LSM) density gradient centrifugation (Organon-
Teknica, Durham, NC, USA). Subsequently, partial purifica-
tion of DC and monocytes was performed by depletion of
CD2-, CD3-, CD8-, CD16-, CD19- and CD20-expressing
cells, using a cocktail of PE-labelled mAb, followed by incu-
bation with BD anti-PE beads and collection of the super-
natant after placing the labelled cells for 8-10 min in a
BD-Imagnet. These partially purified cell preparations were
stimulated with either CL097 (1 pug/ml) or LPS (1 pg/ml)
for 6 h at 37°C with Golgiplug present during the last 5 h.
Finally, the cells were stained with a mixture of CD20*",
CDg*m@ CD14%P, CD123% % CD11c*¢, CD3*"® and
HLA-DR*““” mAb and pDC and mDC subpopulations
were sorted on a FACSAria cell sorter, using the gate setting
described above. In each experiment, between 3000 and
5000 pDC and between 5000 and 10000 mDC were
obtained. Sorted pDC and mDC fractions contained
between 5-15% and 10-20% granulocytes, respectively, as
examined by Giemsa staining. Sorted monocytes contained
fewer than 1% granulocytes. FACS analysis on sorted popu-
lations showed monocytes to be about 90% pure with fewer
than 1% pDC and fewer than 5% mDC present. Sorted
pDC were 60-75% pure, with 10-20% monocytes and less
than 4% mDC contamination. Sorted mDC were 70-80%
pure, with 5-20% monocytes and less than 1% pDC
contamination.

Polymerase chain reaction (PCR)

Probe-based quantitative PCRs were designed using the
human Universal Probe Library design center (Roche
Applied Science, Penzberg, Germany). Real-time quantita-
tive PCRs (qPCRs) were performed on the CFX96™ real-
time PCR detection system (Biorad, Herts, UK) using iTaq
Supermix with Rox (Biorad) and the following primer
(Invitrogen/Life Technologies, Paisley, UK) and probe
(human Exiqon probe library; Roche, Woerden, the Nether-

lands) combinations: IL-12p40 5-CCACATTCCTACTTC
TCCCTGA-3" and 5-ACCGTGGCTGAGGTCTTGT-3’ with
TCCAGGTC fluorescent probe, TNF-o. 5'-AAGCCTGTAG
CCCATGTTGT-3 and 5-GCTGGTTATCTGTCAGCTCCA-
3’, with CCAGGAGG fluorescent probe and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) 5-CAACGAATT
TGGCTACAGCA-3" and 5-GTGGTCCGGGGGTCTTAC-3
with CCACCACC fluorescent probe. IL-12p40 and TNF-o
mRNA expression levels were standardized to reference
gene GAPDH mRNA expression levels using the Pfafll
method [31].

Statistical analysis

The non-parametric Mann—Whitney U-test was used to
determine the statistical significance of cell numbers and
TLR-induced cytokine expression in rhesus macaque versus
human DC subsets and monocytes.

Results

Rhesus macaques have relatively low numbers of pDC

As published previously [16,24], pDC and mDC subsets can
be distinguished in peripheral blood of rhesus macaques on
the basis of CD11c versus CD123 expression in HLA-DR-
positive cells, which are negative for lineage markers CD3,
CD8, CD16, CD20 and CD14 (Fig. 1). However, compari-
son of the dot-plots shown in Fig. 1 (right graphs) reveals a
striking difference in the percentage of pDC relative to
mDC in the lineage”, HLA-DR" cells in human versus rhesus
macaque blood. As shown in Fig. 2, analysis of a larger
cohort showed that the absolute number of pDC was sig-
nificantly lower in rhesus macaques (3020 + 1357 cells/ml)
than in humans (10 495 + 4353 cells/ml), while there was
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Fig. 2. Absolute number of plasmacytoid dendritic cells (pDC),
myeloid dendritic cells (mDC) and monocytes in rhesus (# =12) and
human (n = 7) peripheral blood. Indicated is the number of cells
(x1000)/ml blood. ***P < 0-001.
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no difference in the number of mDC (20811 £ 14 361
versus 17 178 £ 5671 cells/ml) or monocytes (324 000 *
161 000 versus 217 000 £+ 107 000 cells/ml).

pDC in rhesus macaques express IL-12p40 upon
TLR-7/8 and TLR-9 stimulation

In order to evaluate the function of peripheral blood DC
subsets in rhesus macaques without interference of cell iso-
lation procedures, a whole blood stimulation assay was
used, analogous to the previously described assay for
human blood DC [29]. In brief, heparin blood was diluted
1:5 in RPMI-1640 medium with 0-1% bovine serum
albumin (BSA), heparin and P-mercaptoethanol. Samples
were exposed for 8 h to different TLR ligands and the cells
were then stained and analysed by flow cytometry for the
induction of maturation markers and cytokine expression.
This procedure has the advantage that it allows detection of
the response of different DC subsets simultaneously in one
tube. Time—course experiments showed optimal induction
of cytokine expression after 5-8 h incubation with all

pDC in macaques express IL12p40

selected TLR-7/8 (CL097), TLR-9 (CpG-C) and TLR-4
(LPS) ligands (Fig. 3). All reagents were used at saturating
concentrations, as determined in dose-response experi-
ments (not shown).

Binding of CL097 to TLR-7/8 ligands, which are
expressed on pDC and mDC as well as monocytes, resulted
in human samples in induction of CD83/CD80 expression
on all subsets, IFN-a and TNF-o expression in pDC and
IL-2p40 and TNF-a expression in mDC and monocytes,
as described previously [2,29,32] (Fig. 4). Surprisingly, in
rhesus macaques we observed IL-12p40 expression in pDC,
while mDC and monocytes showed relatively low levels of
IL-12p40 as well as TNF-o induction by CL097. No
cytokine expression was seen in non-stimulated blood cell
cultures. Similar results, with regard to induction of
IL-12p40 expression on rhesus pDC, mDC and monocytes,
were obtained with other TLR-7/8 ligands, including
imiquimod and R848 (not shown). As neutrophils can
express HLA-DR and CDl1lc and could potentially have
been included in the analysis, the experiments were
repeated on LSM-separated PBMC. Induction of CD83 and
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Fig. 4. Toll-like receptor (TLR)-7/-8-induced CD83 or CD80 and
cytokine expression in rhesus versus human peripheral blood
plasmacytoid dendritic cells (pDC), myeloid dendritic cells (mDC)
and monocytes. For each subset the percentage of cells expressing
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interleukin (IL)-12p40 or tumour necrosis factor (TNF)-o after 8 h
stimulation with 1 ug/ml CL097 is shown (filled symbols);
background expression as observed in cultured non-stimulated cells
(open symbols) was not subtracted. *P < 0-05; **P < 0-01.

CD80 as well as IFN-o and IL-12p40 cytokine expression in
the PBMC were comparable to the whole blood cell cul-
tures, while TNF-o. expression was higher in CL097-
stimulated PBMC than in whole blood cell cultures (results
not shown).

We next sought to confirm this observation by using
TLR-9 triggering as a more specific pDC stimulus [32].
Figure 5 shows that stimulation with class C CpG
(CpG-C) resulted in similar distinct induction of IL-12p40
expression by rhesus but not human pDC, while CD83,
IFN-0 and TNF-o induction was observed both in rhesus
and human pDC. As expected, both rhesus and human
mDC and monocytes did not produce cytokines upon
CpG stimulation, although there was some up-regulation
of CD83 on mDC, possibly as a bystander effect of stimu-
lation of pDC and possibly B cells. Analysis of superna-
tants from CpG-stimulated cultures showed IL-12p40
production in rhesus macaques (14 pg/ml, n=5), while
human samples (n=2) were negative. TNF-a. production
was comparable in rhesus and human samples; ie. 13
and 10 pg/ml, respectively. Finally, stimulation with the
TLR-4 ligand LPS did not induce any cytokine production
in rhesus or human pDC, but activated mDC and
monocytes in both species (Fig. 6). It should be noted that,
similar to TLR-7/8 stimulation, in this study the percent-
age of IL-12p40-positive mDC and monocytes was also
lower in rhesus macaques relative to humans. There was
some induction of CD83 on pDC with TLR-4 which is,
again, possibly a bystander effect of the activation of other
cells.

Recently a so-called ‘interferon-producing killer dendritic
cell’ (IK-DC) has been described in mice, which was
reported to produce both type I IFN as well as IL-12 and
IFN-y [33] upon TLR-9 stimulation, although their relation
to the DC lineage remains somewhat obscure [34]. In
humans a CD2-expressing pDC subset was described [35],
with similar characteristics to IK-DCs in mice. However,
pDC in rhesus macaques do not seem to qualify as IK-DC,
because they were found to be negative for CD2 as well as
natural killer (NK) cell markers NKG2A and NKG2D
(Fig. 7a).

Induction of IL12p40 expression on rhesus pDC, as
observed with mAb C8:6, was confirmed by using another
anti-IL-12p40/70 mAb (clone C11-5), which gave similar
percentages of positive cells for pDC as well as mDC upon
TLR-7/8 stimulation (Fig. 7b). Finally, analysis of IL-12p40
mRNA in TLR-7/8 (CL097)-stimulated purified pDC, mDC
and monocyte populations showed similar high expression
levels in pDC relative to mDC and monocytes and no
induction in pDC upon TLR-4 stimulation (Fig. 8a), thus
confirming the FACS expression data. Both mDC and
monocytes up-regulated TNF-a¢ mRNA expression upon
TLR-4 (LPS) as well as TLR-7/8 (CL097) stimulation,
underscoring the functional capacity of these purified cell
populations (Fig. 8b). In agreement with the FACS analysis,
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expression of CD2 versus natural killer (NK) type G2A (NKG2A) or NKG2D on lineage positive cells (two left graphs) or pDC [lineage /human
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unstimulated (medium) versus Toll-like receptor (TLR)-7/-8 (CL097)-stimulated cells, detected with either monoclonal antibody (mAb) C8-6 or

mAD 11-5.

TNF-oo mRNA expression in pDC was up-regulated only
upon TLR-7/8 and not TLR-4 stimulation.

While the mDC and pDC preparations were only
60-75% pure the other cells present were either granulo-
cytes or monocytes and this could not have affected the
IL-12p40 expression data, as monocytes were observed to
have only very low IL-12p40 expression and the monocyte
fraction itself was >90% pure with <5% mDC and <1%
pDC contamination.

Discussion

In this work, we adapted a whole blood stimulation assay
to study functional characteristics of peripheral blood DCs
and monocytes in macaques and performed a direct com-

parison with human blood samples. Most responses of the
different subsets were very similar between macaques and
humans and in agreement with previous studies, in which
purified cell populations instead of whole blood stimula-
tion had been used [2,17,25-28,32]. However, we observed
that, in contrast to humans, rhesus pDC expressed
IL-12p40 upon stimulation with TLR-7/8 or TLR-9. Pre-
liminary data suggest a similar IL-12p40 expression
pattern in cynomolgus macaques (V.S., to be published
elsewhere). We also observed that relative to humans,
mDC and monocytes in rhesus macaques responded less
well to TLR-7/8 stimulation when expressed as percentage
of IL-12p40- and TNF-ca-positive cells. Of note is that a
similar relatively lower level of IL-12 induction has been
reported previously for macaque monocyte-derived DC
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[23]. The capacity of rhesus pDC to produce IFN-o as
well as IL-12p40 may potentially modify their response to
viral infections, where pDC are known to play an impor-
tant role [36].

Previous studies either did not include IL-12 in their
analysis [23] or measured IL-12 cytokine production by
enzyme-linked immunosorbent assay (ELISA) on either
stimulated total PBMC or lineage-negative cell cultures
[25-27]. Others used FACS analysis, but studied IL-12
expression only in LPS-stimulated PBMC [17], which
would have given no expression in pDC. Hence, our obser-
vation was made possible by the use of FACS analysis to
detect TLR-induced cytokine expression in all subsets
simultaneously.

At present the mechanism underlying this difference in
IL12p40 induction between macaque and human pDC is
not yet understood. Macaque and human pDC were shown
to have similar TLR expression profiles [25], which is in
agreement with the response patterns observed by us. Also
TLR-7, TLR-9 and myeloid differentiation primary response
gene 88 (MYD88) sequences were shown to be identical,
whereas there were important differences for interferon
regulatory factor 7 (IRF-7) [26]. Other regulatory pathways
still need to be explored [37]. Beside TLRs, the C-type lectin
receptor (CLR) family plays an important role in the modu-
lation of innate immune responses [38,39]. Human pDC
express the CLRs blood dendritic cell antigen 2 (BDCA2)
and dendritic cell immunoreceptor (DCIR) [40]. Cross-
linking of DCIR was shown to result in reduced IFN-o.
induction upon TLR-9 stimulation [40], and similar inhibi-
tory effects were reported following incubation with the
CLR ligand mannan [41]. Interestingly, BDCA2 [our
unpublished observation and documented at the NIH

non-human primate reagent resource portal (http://
nhpreagents.bidmc.harvard.edu/NHP)] and DCIR [42]
were shown to be absent on pDC in rhesus macaques.
Although not investigated here, a difference in the balance
between activating TLRs and inhibitory CLRs could lead to
different levels of pDC activation, possibly translating into a
difference in cytokine production pattern.

A direct comparison between the absolute numbers of
pDC, mDC and monocytes in rhesus versus human blood
showed that rhesus macaques had a lower number of pDC,
while there was no difference in the abundance of the other
subsets. The number of pDC observed, i.e. 3020 + 1357
cells/pl, is in agreement with several reports on rhesus
macaques [16,18,24,25,43] and considerably less than in
humans [44]. In contrast, two other studies, where a direct
head-to-head comparison was made, showed no difference
in pDC number [17,28], although it must be noted that in
those studies the quantification was either performed on
PBMC or cynomolgus monkeys imported from Mauritius
were used, which have a more limited genetic diversity and
might differ from rhesus macaques.

The strong IL-12p40 expression in rhesus pDC may have
implications for preclinical evaluation of vaccines in this
model. For instance, TLR-7/8 containing adjuvants might
trigger different responses in macaques than in humans and
involve pDC as IL-12 producing cells. Also TLR-9 agonists
could be expected to induce an IL-12 response in rhesus
macaques, in contrast to humans. Simultaneous production
of IFN-a and the inflammatory cytokines TNF-ot and T
helper type 1 (Thl)-skewing cytokine IL-12 might also lead
to a slightly different response pattern to bacterial and viral
infection and have consequences for the induction of CD8
responses [45,46].
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