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Abstract

Antigen-presenting cells (APC), like dendritic cells (DC), are essential for T-cell activation, leading to immunity or tolerance. Multiple DC
subsets each play a unique role in the immune response. Here, a novel splenic dendritic-like APC has been characterized in mice that
has immune function and cell surface phenotype distinct from other, described DC subsets. These were identified as a cell type
continuously produced in spleen long-term cultures (LTC) and have an in vivo equivalent cell type in mice, namely ‘L-DC’. This study
characterizes LTC-DC in terms of marker phenotype and function, and compares them with L-DC and other known splenic DC and
myeloid subsets. L-DC display a myeloid dendritic-like phenotype equivalent to LTC-DC as cD11¢°CD11b"MHC-1I"CD8a ™ cells, distinct
by high accessibility and endocytic capacity for blood-borne antigen. Both LTC-DC and L-DC have strong antigen cross-presentation
ability leading to strong activation of CD8" T cells, particularly after exposure to lipopolysaccharide. However, they have weak ability to
stimulate CD4" T cells in antigen-specific responses. Evidence is presented here for a novel DC type produced by in vitro
haematopoiesis which has distinct antigen-presenting potential and reflects a DC subset present also in vivo in spleen.

Keywords: dendritic cells e antigen presentation e spleen

Introduction

In human and murine spleen, two main classes of dendritic cells
(DC) are present: conventional (¢)DC and plasmacytoid (p)DC.
These are distinct in terms of cytokine production, cross-presen-
tation capacity and T helper response generated [1, 2]1..
Conventional DC are steady-state, mature DG with CD11¢"MHG-11"
marker expression [3] and include CD8a~ and CD8a ™ subsets.
The distinct lineage of CD11¢'°B220 "MHC-11"® plasmacytoid pre-
DC (p-preDC) in spleen [4] produces high levels of interferon
(IFN)-oc upon viral exposure [5]. Further spleen DC subsets in
mice derived in vitro loosely fall under the term ‘regulatory’ DC.
These include diffDC [6], CD11¢°CD11b™MHC-11° DC [7] and IL-
10 DC [8]. Under inflammatory or infectious settings, myeloid DC
in spleen may also include tumour necrosis factor (TNF)/iNOS-
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producing DC [9] and monocyte-derived DC (mo-DC) [10, 11].
The latter represent a very different cell type to ¢DC and pDC,
developing under inflammatory conditions which drive cells from
blood into lymph nodes for antigen presentation [12]. Although
subsets of myeloid cells including monocytes have been
described in spleen, this lineage is less well defined in terms of
subsets than is the DC lineage [13].

Most DC subsets present antigen in the context of both MHC-I
and MHC-1I, and some have a unique ability to cross-present
exogenous antigen via MHC-I [14]. Exogenous antigen is normally
routed through the MHC-II pathway for presentation to CD4™"
T cells [15]. Cytosolic antigens are usually loaded on to MHC-I for
CD8" T-cell activation [16]. However in cross-presentation,
exogenous antigens are directed into the MHC-I pathway for
recognition by CD8™ T cells. CD8« " ¢cDC have been described as
the major cross-presenting antigen-presenting cells (APC) subset
in spleen [2, 17]. Although some DC are recognized as very potent
cross-presenting cells, they are not unique in this role. Reports
claim that macrophages/monocytes [18] and neutrophils [19] can
cross-present antigen, although their efficiency, and the extent
and range of T cells activated are not characterized.
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Our laboratory has characterized a novel dendritic-like cell
type produced in vitro in stroma-dependent long-term cultures
(LTC) of spleen [20]. LTC continuously shed large cells resembling
immature myeloid DC that differ from monocytes by large
size and expression of CD11c. The LTC-DC phenotype has
remained remarkably stable over years of culture as CD11c™
CD11b"CD80/86 "MHC-1"MHC-11"FcRTDEC-205'"°
B220 CD8«  cells [21]. Their development occurs independently
of inflammatory factors like granulocyte macrophage-colony
stimulating factor and TNF-a [22]. LTC-DC are highly endocytic
but have limited ability to stimulate CD4™ T-cell responses [21],
likely due to ignorance because LTC-DC express low surface
MHC-II. Following adoptive transfer, LTC-DC can reduce tumour
load in mice given leukemic T cells, and can induce anti-tumour
cytotoxic T cells [23]. Thus, the question has emerged as to
whether an equivalent cell type exists in vivo, and what functional
role it plays.

We show here that LTC-DC have very high capacity to cross-
present nominal antigen to CD8" T cells, particularly after expo-
sure to LPS as a danger signal. Furthermore, we show isolation of
an in vivo LTC-DC equivalent cell type, bearing LTC-DC cell surface
phenotype with high endocytic and cross-presenting function.
These cells are referred to as ‘L-DC’; an interim designation due to
similarity with LTC-DC but distinctiveness from ¢DGC, pDC, mono-
cyte and macrophage subsets in spleen.

Materials and methods

Animals

Mice were handled according to guidelines of the Animal and Experimental
Ethics Committee at the Australian National University (Canberra,
Australia). C57BL/6J, CBA/H, C57BL/6.Tg (TcraTcrb)1100Mjb (OT-I),
C57BL/6.SJLA.0T-11.CD45.1 (OT-1l) and C57BL/6.SJL-Ptprc®Pep®/Boyd
(B6.SJL) mice were bred under specific pathogen-free conditions. They
were used at >4 weeks and were sex matched in experiments.

Long-term cultures

LTC were established from spleens of female mice aged 8 days and main-
tained in supplemented DMEM (sDMEM) as described previously [20].
Non-adherent cells were collected for experimentation from culture
flasks at medium change by resuspension of loosely adhered cells. LTC
used here were tested clear of mycoplasma contamination using published
methodology [24].

Flow cytometry

Flow cytometry was performed on antibody labelled cells using a
Fluorescence Activated Cell Sorter (FACS) to assess cell surface marker
expression as described previously [25]. Anti-CD16/32 (FcR block)
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(eBioscience, San Diego, CA, USA) was used to block non-specific bind-
ing, except before treatment with goat anti-rat antibody (Southern
Biotechnology, Birmingham, AL, USA). Antibody staining was performed
in FACS buffer [DMEM/1%FCS/0.1%NaNz3]. Biotin- or fluorochrome-con-
jugated antibodies specific for CD11c (N418; allophycocyanin), CD11b
(M1/70; PE-Cy7 (phycoerythrin-Cy7) or fluorescein isothiocyanate (FITC),
CD45RB (C363.16A; PE), ckit (2B8; PE or FITC) and CD34 (RAM34; FITC)
were purchased from eBioscience. Antibodies specific for CD11c (HL3;
allophycocyanin), CD11b (M1/70; biotin), CD8 (53-6.7; PE or FITC), Scal
(E13-161.7; biotin), Ly6G (Gr-1: 1A8; PE), CD69 (H1-2F3; biotin), MHC-|
(AF6-88.5; biotin), MHC-II (25-9-17; biotin), CD80 (16-10A1; FITC) and
CD86 (GL1; biotin) were purchased from Becton Dickinson (San Jose, CA,
USA). Anti-CD205 (NLDC-145) was purchased from Serotec (Oxford, UK),
and anti-33D1 antibody was prepared from hybridoma cells. Isotype con-
trol antibodies were purchased from eBioscience and Becton Dickinson.
Secondary conjugates included streptavidin (SA)-allophycocyanin-Cy7
(eBioscience), SA-PE (Becton Dickinson) and goat anti-rat IgG-FITC
(Southern Biotechnology). For flow cytometric analysis, cells were
resuspended at 10°%-107 cells/ml in FACS buffer and propidium iodide (PI:
1 wg/ml; Sigma-Aldrich, St Louis, MO, USA) was added prior to flow
cytometry for discrimination of live cells. A BD LSRII flow cytometer
(Becton Dickinson) was used for analysis, and 3 X 10* to 10° events were
collected. Data analysis involved post-acquisition gating using FlowJo
software (Tree Star, Ashland, OR, USA).

Depletion of T and B cells from spleen

Spleen tissue was dissociated and depleted of red blood cells (RBC) using
lysis buffer (0.14 NH4Cl, 0.017 M Tris-base [pH 7.5]) for 5 min. at room
temperature. Cells were resuspended in FACS buffer (108 cells/ml) and fil-
tered through a 70 wm nylon cell strainer (BD Biosciences). For depletion
of T/B cells and RBC, cells were labelled on ice for 15 min. with biotinylated
monoclonal antibodies specific for CD19 (eBio1D3), Thy1.2 (30-H12) and
TER-119 (eBioscience). Cells were then washed and resuspended at
108 cells/ml in magnetic activated cell sorting (MACS) separation buffer
(phosphate-buffered saline [PBS]/0.5%BSA/2 mM ethylenediaminete-
traacetic acid /0.1%NaNg]. These cells were then incubated with anti-biotin
MACS microbeads (13 pul beads/10° cells; Miltenyi Biotec) for 20 min. on ice.
After one wash, splenocytes were resuspended in MACS buffer (500 wl/1 0f
cells) and T/B cells and RBC depleted by running cells through an LS
column (Miltenyi Biotec) in a SuperMACS Il Separation Unit (Miltenyi
Biotec), washing thrice and collecting unbound cells as flow-through.

Isolation and treatment of antigen-presenting
cell subsets

To isolate CD11c™ DC, splenocytes were labelled with CD11c™ microbeads
(15 ;L|/108 cells; Miltenyi Biotec) at 108 cells/ml of MACS buffer for 15 min.
on ice and washed once. Cells were then resuspended in MACS buffer
(500 }.L|/108) cells, run through a SuperMAGS Il Separation Unit equipped
with an MS column (Miltenyi Biotec), and washed thrice. Flow-through
cells were discarded, 1 ml MACS buffer added and CD11c™ cells separated
under pressure with no magnet.

To isolate purified APC subsets from T- and B-cell depleted spleen,
cells were labelled with antibody specific for the DC markers CD11c,
CD11b, CD8a and MHC-II, and cell sorting performed on a BD FACSAria
cell sorter (Becton Dickinson). All incubation and washing steps were
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performed as for antibody staining, with the exception that NaNs-free
FACS buffer was used. Following a final wash just prior to sorting, cells
were passed through a 70 pm nylon cell strainer (Becton Dickinson).

For in vitro antigen loading of isolated spleen APC subsets or LTC-DC,
APC at 107 cells/ml in SDMEM were pulsed for 12 hrs with 10 p.g/ml oval-
bumin (OVA), or hen egg lysozyme (HEL) as control antigen. For in vitro
activation of DC, cells were incubated with LPS (10 wg/ml; Sigma-Aldrich)
for 24 hrs at 37°C.

Purification and labelling of T cells

Dissociated lymph node cells were resuspended in anti-IA”* (TIB120),
anti-B220 (RA3-6B2) and anti-CD11b (M1/70) to deplete MHC-II" APC, B
cells and macrophages. For removal of CD4™ T cells or CD8™ T cells, either
anti-CD4 (GK1.5) or anti-CD8 (53-6.7) was added. Cells were labelled on
ice for 25 min. and washed with MACS buffer. Cells were incubated with
Sheep anti-rat Ig Dynabeads (50 .l beads/10” cells; Dynal, Oslo, Norway),
and anti-CD11c microbeads (1.5 ! beads/1 0’ cells; Miltenyi Biotec) were
added for DC removal. Incubation was performed in MACS buffer (100
wlA 0 cells) at 4°C for 25 min., before placing cells in a magnetic particle
concentrator (Dynal) for 2 min. Supernatant contained unbound T cells.

To monitor T-cell proliferation, cells were stained with 5- (and 6-)
carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes,
Eugene, OR, USA). Proliferation was assessed as dilution of stain with
each cell division measured flow cytometrically. T cells were washed and
resuspended at <107 cells/100 wlin SDMEM, and CFSE (5 M) added with
vortexing to ensure uniform labelling. Cells were incubated at room tem-
perature for 5 min. before washing twice with SDMEM.

Measurement of endocytosis

To assess endocytosis in vitro, FITC-conjugated OVA (OVA-FITC; Molecular
Probes) was added to cells and uptake measured flow cytometrically as
described previously [25]. Cells (106) were exposed to OVA-FITC (2 mg/ml)
at 37°C for 45 min. Control cells were held on ice over this time.
Endocytosis was halted by addition of 500 wl ice-cold FACS buffer. For
assessment of endocytosis in vivo, 3 mg OVA-FITC in 200 wl HBSS was
injected into recipient mice via the tail vein. After 12-24 hrs, splenocytes
were prepared, labelled with antibody, and DC populations gated and
analysed for OVA-FITC uptake using flow cytometry.

Mixed lymphocyte reactions

T cells purified from mesenteric lymph nodes of CBA/H mice were labelled
with CFSE and co-cultured with LTC-DC, CD11¢™ spleen DC, or APC sub-
sets sorted from C57BL/6J mice, or syngeneic control CBA/H mice spleen
as stimulators. CFSE-labelled T cells were cultured at 1 x 10° cells/well in
a 96-well plate together with diluting concentrations of DC stimulators in a
total volume of 200 ! SDMEM. T-cell activation was assessed flow cyto-
metrically among labelled CD4™* and CD8™ T cells in terms of reduction in
CFSE intensity and estimation of the number of divided cells.

Antigen-specific T-cell activation by DC

The antigen presenting capacity of DC subsets was assessed using purified
CD8™ T cells from OT-I T cell receptor (TCR)-tg mice specific for the K
restricted peptide OVAgs7-264 [26] and CD4™ T cells from OT-II TCR-tg mice
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specific for OVAs23-339 and AP [27]. Enriched CFSE-labelled TCR-tg T cells
were plated at 10*-10° cells/well with diluting concentrations of APG as stim-
ulators in a total volume of 200 | SDMEM. In some cultures, LPS (10 p.g/ml)
was added for the first 24 hrs to activate APC, and then washed off. Cells were
collected after 1 day to detect up-regulation of the CD69 marker of activation
by antibody staining and flow cytometry. After 4 days, T-cell activation was
assessed flow cytometrically to analyse cell division in terms of reduction in
CFSE intensity as cells divide, as well as blastogenesis indicated by increase
in forward scatter (FSC). At this time, supernatant was collected from cultures
for assay of IFN-y production using cytokine bead arrays (Becton Dickinson).

Statistical analysis of data

A two-way AnovA test was used to detect significant experimental effects.
The Tukey Honest Significant Differences procedure was used to identify
paired cell subsets that were significantly different in prevalence (P = 0.05).

Results

LTC-DC display distinct phenotype and function

Cells produced in LTC reflect myeloid lineage DC in that they express
CD11c and CD11b but never CD8« or B220 (Fig. 1) [21]. They
express MHC-I but are distinguished by no surface MHC-II expres-
sion, defining LTC as unusual by comparison with other culture sys-
tems producing immature MHC-11™ DC [28]. LTC-DC co-express the
costimulators CD80 and CD86 for T-cell activation and are highly
endocytic for FITC-OVA. Cells are characteristically large Forward
Scatter (FSC)“', and negative for markers of regulatory DC and cDC
like CD45RB, 33D1 and CD205 [8, 29]. They are also negative for
ckit, Scal and CD34, markers of haematopoietic precursors, and are
distinct from granulocytes as Ly6G~CD11¢™ cells (Fig. 1).

LTC-DC were compared with freshly isolated spleen CD11¢*
DC for capacity to activate purified CFSE-labelled OVA-specific
CD4™" T cells from OT-Il TCR-transgenic (tg) mice, and CD8"
T cells from OT-I TCR-tg mice. After 1 day, OVA-pulsed LTC-DC
induced activation of CD8™ OT-I T cells indicated by up-regulation
of CD69 (Fig. 2A). This occurred for LTC-DC pulsed with OVA +
LPS, but not for LTC-DC pulsed with HEL. In contrast, OVA-pulsed
CD11c* spleen DC weakly activated OT-1 CD8™ T cells, but not
after LPS treatment. In terms of cell division after 4 days, LTC-DC
were superior to CD11¢™ spleen DC in activating CD8™ T cells in
an antigen-specific manner, but only after LPS activation (Fig. 2A).
Fresh splenic CD11¢™ DC activated OT-I T cells better in the
absence of LPS which may inhibit rather than activate antigen
presentation for these DC. Strong activation of CD8™ T cells by
LPS-treated LTC-DC was supported by IFN-y production (Fig. 2A).
High dose inhibition of T-cell proliferation induced by OVA + LPS
pulsed LTC-DC was likely caused by cell death in cultures, because
strong activation of T cells by high numbers of LTC-DC was mir-
rored in both CD69 up-regulation and IFN-v production. cD11c*
spleen DC were better activators of CD4™ OT-11 T cells than LTC-DC

1191

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



Gated live cells

Gated large cells

Large |

88C

3.482

FsC

CD11c

Expt|

1.20.3

&)

Expt il

; i
olt 5l :7EF 55

MHC-II CD45RB Ly6G CcD205

33D1 OVA-FITC

Fig. 1 Phenotype of LTC-DC. Non-adherent cells were collected from LTC, stained with antibody (or isotype controls) and PI (1 wg/ml), and analysed flow
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A in vitro OT-1

Day 1 Day 4

@ 70

3 60 _BDB

= E

0 B0

8w / =

- — = 400

§ 30 3 ) fr

o 200 [ A

£ 10

o p a8 ] —
01 1135 145 115 15 01 1135 145 115 15 01 1135 145 115 15

B in vitro OT-Il De:T DC:T DC:T
]

8
= 20 ' ~#- LTC-DC +OVA+LP5 —+ Fresh-DC+OVA+LPS
- [}
5'._,..15 - LTC-DC +0VA ~— Fresh-DC+OVA
oS
X / -@-LTC-DC +HEL#LPS & Nil
3 w0
_% -+ LTC-DC+HEL

g ° o
=z Fh_:*’_..

. 01 1227 19 1:1

DC:T

(Fig. 2B). Weak activation of OT-II T cells by LTC-DC was indicated
at 4 days, but only with LPS as an activator. This is consistent with
minor up-regulation of already negative to low MHC-II expression
on LTC-DC following LPS treatment which was reported previ-
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CD8" T cells.

Fig. 2 LTC-DC can cross-present anti-
gen. LTC-DC and freshly isolated
cD11c* spleen cells (f-DC) from
C57BL/6J mice were pulsed with OVA
(10 pg/ml) = LPS (10 pg/ml). Cells
were co-cultured with purified CFSE-
labelled CD8™ T cells from OT-I mice,
or CD4™ T cells from OT-II mice. T cells
alone served as a control (Nil). (A)
Activation of CD8" OT-I T cells was
indicated by up-regulation of CD69
after 1 day, and by number of CD8" T
cells undergoing division based on
CFSE dilution, or IFN-y production after
4 days. (B) The number of CD4™ OT-II
T cells undergoing division was
assessed on the basis of CFSE dilution
after 4 days.

ously [21]. In that report, LTC-DC gave weak activation of CD4™ T
cells from the 3A9 TCR-tg mouse strain but only after LPS activa-
tion. LTC-DC represent an APC with restricted ability to activate
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LTC-DC also induced proliferation in CD8™* and not CD4™ T cells
in an alloreactive mixed lymphocyte reaction (MLR), whereas
freshly isolated CD11¢™ cDC (f-DC) were effective activators of
both CD4™ and CD8™ T cells (Fig. 3A). To determine whether LTC-
DC reflect previously described regulatory DC, LTC-DC were tested
for ability to inhibit an alloreactive T-cell response induced by
CD11c™ spleen DC. LTC-DC from C57BL/6J mice were titrated into
both CBA/H anti-C57BL/6J, and C57BL/6J anti-CBA/H responses
using spleen CD11¢™ DC as APC. However, when LTC-DC were
mixed with -DC, enhanced T-cell proliferation rather than inhibition
was detected in both responses (Fig. 3B). This enhanced response
suggests more effective antigen presentation due to LTC-DC partic-
ipation, and argues against LTC-DC as regulatory DC [6].

An in vivo LTC-DC counterpart in spleen

Spleen was analysed for the presence of an in vivo cell equivalent
to LTC-DC, based on the LTC-DC phenotype as highly endocytic
CD11¢*CD11b"CD8a MHC-II"FSC™ cells. The in vivo LTC-DC
counterpart has been named ‘L-DC’. To detect this subset, spleno-
cytes were enriched for DC and myeloid cells by T cell depletion
ahead of antibody staining and flow cytometry. Flow cytometric
analysis of CD11c and CD8« expression revealed four subsets,
three of which expressed CD11c (Fig. 4A). CD11¢*CD8a ™" cells
expressed MHC-II but not CD11b, reflecting a CD8«™ ¢DC subset
[3, 30]. The two remalnlng CD11c+CD8a cell populations were
CD11¢" and CD11c representing 21% and 7.5% of live T cell
depleted spleen (Fig. 4A). The CD11c 'CD8a population com-
prised almost excluswely CD11b MHC-I1™ cells (74%), reflecting
CD8a~ cDC. The CD11¢°CD8a~ cells comprised three subsets
Iacklng MHC-II expression, only two of which were CD11b™. Only
CD11b"MHC-1I~ cells dlsplayed large 3|ze reflective of LTC-DC
(FSC“' 70%). This CD11¢°CD8«~CD11b™MHC-1I"FSC™ “L-DC’
population therefore resembled in vitro generated LTC-DC.
The majority of CD11b°MHC-1I~ cells were small, reflecting
DC precursors. The CD11b~MHC-11"FSC'® subset among
CD11¢'°CD8a ™ cells reflects p-preDC in line with previous
studles [5]. Myeloid cells Were identified as CD11¢ CD8«
CD11b™MHC-I1™ cells with FSC'® distribution (Fig. 4A). Flow cyto-
metric analysis of T cell depleted splenocytes led to identification
of an L-DC population not previously identified.

Direct comparison of marker expression on L-DC and LTC-DC
is shown in Figure 4. Both subsets were large in size and highly
endocytic for FITC-OVA in vitro (Fig. 4B and C). L-DC, like myeloid
cells, showed the highest uptake of FITC-OVA. The c¢DC subsets
(CD8a~, CD8a™) were moderately endocytic, whereas the DC
precursor and p-preDC subsets were non-endocytic (Fig. 4C). The
prevalence of each subset was estimated after similar cell isola-
tions on seven female C57BL/6J mice. A two-way ANOvA showed
no significant (P = 0.05) experimental effect, but a significant
T-cell subset effect for prevalence of L-DC compared with myeloid
cells and CD8 ¢DC (Fig. 4D). The prevalence of L-DC among
splenic leucocytes was significantly lower than CD8« ¢DC and
myeloid cells, but not significantly different from pDC and CD8*
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Fig. 3 Ability of LTC-DC to induce and inhibit an MLR. T cells were purified
from CBA/H or C57BL/6J mouse spleen and CFSE labelled. APC included
freshly isolated CD11c™ spleen DC (f-DC) from CBA/H or C57BL/6J mice,
or LTC-DC (B6.SJL origin). (A) Diluting numbers of APC were incubated
with T cells (1 05) for 4 days. Cells were collected stained with antibody, and
analysed flow cytometrically to determine %CD4" or %CD8" T cell divi-
sion based on decrease in CFSE labelling. T cells cultured with no APC gave
0% division (not shown). (B) MLR co-cultures were established as in (A)
using a T cell : f-DC ratio of 15:1. Varying numbers of LTC-DC were added
into co-cultures to test their ability to inhibit the MLR reaction. Percentage
T-cell division was calculated as in (A), and the level achieved in the
absence of added LTC-DC is shown as a dashed line.

LRI B

¢DC. The number of myeloid cells was significantly higher than
CD8« ™ ¢DC and pDC. The low frequency of L-DC and their distinct
phenotypic characteristics could explain why this subset has not
been delineated previously. It is also pOSSIb|e that posmve selec-
tion procedures that isolate DC as cD11c™ or MHC-1I" cells may
not recover L-DC. Also, with their large size, they may be inadver-
tently eliminated in procedures dependent on buoyant density.
Further flow cytometric analysis of cell surface markers was
used to compare L-DC with other known APC. For this study, T/B
depleted spleen cells were gated as in Figure 4 to delineate L-DC,
CD8a™ ¢DC, CD8a~ ¢DC and myeloid subsets. Neither LTC-DC nor
L-DC expressed 33D1 or CD205 (Fig. 5), two markers which iden-
tify CD8a~ and CD8a " ¢DC [3, 29]. L-DC were also clearly distinct
from CD8a~ and CD8a™ cDC as ckit™ cells. In line with myeloid
cells, L-DC were CD80™, but ckit™ and CD86 . Both L-DC and
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Fig. 4 Isolation of a spleen in vivo equivalent of LTC-DC (L-DC). Dissociated, RBC-lysed and T cell depleted spleen cells were stained with specific antibodies and
PI (1 wg/ml) prior to flow cytometric analysis. Endocytic capacity was measured in vitro by uptake of FITC-OVA as described in the Figure 1 legend. (A) Live
(P1") cells were gated. Subsets of interest were identified after setting gates to delineate cells on the basis of internal negative and positive cell populations.
Forward scatter (FSC) and side scatter (SSC) are shown for each gated population to compare size distribution. Numbers represent percentage cells within
gates. Data are representative of a highly consistent pattern of subset distribution across many mice of several strains and age >4 weeks. (B) Phenotypic com-
parison of size (FSC), marker expression and endocytic capacity was made between LTC-DC and L-DC. Shaded histograms indicate isotype control binding (or
endocytosis control). (C) /n vitro capacity for endocytosis of OVA-FITC was assessed for each gated spleen subset in relation to a non-endocytic control cell pop-
ulation (filled histogram). (D) The prevalence of each of the defined cell subsets was measured in terms of percentage among total spleen leucocytes.

myeloid cells were highly endocytic in situ, with L-DC showing
highest uptake of FITC-OVA from blood amongst all subsets
analysed (Fig. 5). However, L-DC differed from myeloid cells by
higher expression of MHC-I, large size (FSC“') and higher endocytic
capacity. In common with LTC-DC, L-DC expressed MHC-I, and
CD80 but not 33D1, CD205 or ckit. However, LTC-DC differed from
L-DC as CD86  cells. They are also distinct as NK1.1™ cells, distin-
guishing them from natural killer (NK) DC [31] (data not shown).
Collectively, L-DC reflect a myeloid-lineage cell in that they are CD11b™
cells, although distinct from ¢DC and monocyte/macrophages on
the basis of cell surface marker expression and endocytic capacity.

L-DC cross-present antigen for T-cell activation

CD8a™ cDC are highly cross-presenting cells both in vitro [32]
and in vivo [2, 17]. We therefore compared L-DC with CD8a " ¢cDC
for cross-presenting ability in vitro. APC subsets were isolated and
pulsed with OVA or HEL and co-cultured with purified OT-1 CD8"*
T cells in the presence and absence of LPS as an activator. L-DC
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were strong activators of OT-1 CD8™ T cells but only after LPS acti-
vation. The cross-presenting capacity of CD8a* ¢DC was very
strong, and increased after activation with LPS (Fig. 6A). The main
phenotypic effect of LPS activation on L-DC after culture in vitro
maps to up-regulation of CD86, which is not expressed on freshly
isolated cells (Fig 5; all data not shown).

The capacity of isolated L-DC and CD8a " ¢DC to activate
T cells in vivo was compared after adoptive transfer. APC were
isolated as in Figure 4, and pulsed with antigen in vitro before
intravenous transfer to mice given purified CFSE-labelled OT-I
lymphocytes 2 hrs previously. Control mice received only CFSE-
labelled OT-I lymphocytes and no OVA-pulsed APC. Mice were left
for 25 days and then challenged by intravenous administration of
OVA (10 mg). Spleens were harvested 9 days later to identify
CFSE-labelled T cells. Mice given either OVA-pulsed L-DC or
CD8a™ cDC, showed evidence of division among surviving OT-I
T cells (Fig. 6B). There was low survival of OT-I T cells in mice
given only OT-I T cells, even following OVA challenge at day 25.
This result reinforces L-DC as capable of antigen presentation
leading to an immunogenic response in vivo.

+
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Fig. 5 Phenotypic characterization of L-DC. APC subsets including L-DC were identified flow cytometrically according to the gating procedure in Figure 4
using CD11c, CD11b, CD8c, MHC-II and FSC (size) and further assessed for marker expression. /n vitro-derived LTC-DC were stained for comparison.
Prior to flow cytometry, cells were incubated with Pl (1 pg/ml) for gating of live (PI™) cells. In order to measure the in situ capacity of cells for endocy-
tosis, mice were given FITC-OVA (3 mg) i.v. 24 hrs prior to isolation of spleen cells for antibody staining and analysis. Endocytosis was assessed for each
gated subset in relation to a non-endocytic control spleen lymphocyte population (filled histogram). For LTC-DC, endocytosis was measured after in vitro

treatment with OVA-FITC for 45 min. at 37°C or at 4°C as a control.

The T-cell stimulatory capacity of splenic L-DC and LTC-DC
was also confirmed by activation of allogeneic T cells in a MLR.
CD8a" cDC were the strongest stimulators of alloreactive CD4*
and CD8™ T cells, whereas L-DC and LTC-DC stimulated CD8™ T
cells but not CD4™ T cells (Fig. 6C). Monocytes/macrophages (or
myeloid cells) did not activate either CD4 " or CD8™ T cells, and
control freshly isolated spleen DC (f-DC) gave stronger responses
among CD4 ™ than CD8™ T cells. The inability of L-DC to stimulate
aCD4™ T-cell response maps to inexpression of MHC-I1 on freshly
isolated cells (0% of cells; Fig. 4). Culture of L-DC for 24 hrs with
LPS (10 ug/ml) resulted in low MHC-II expression on 31% of
cells, although culture of cells alone in the absence of LPS gave
23% of cells expressing MHC-II (data not shown). Because L-DC
once activated with LPS did not activate CD4™ T cells to levels

© 2011 The Authors

shown by ¢DC, they do not reflect precursors of ¢cDC. MHC-II
expression levels on L-DC are quite distinct from those of ¢DC
(both CD8a™ and CD8a~ subsets) which show 100% expression
on isolation, with slight reduction to 80-90% upon culture of cells
with or with LPS for 24 hrs (data not shown). L-DC are not pre-
cursors of ¢DC and despite activation and culture in vitro, main-
tain a constant phenotype and distinct T-cell stimulatory function.

Discussion

This paper characterizes a novel APC subset produced in vitro
which has an in vivo counterpart in murine spleen. A full
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Fig. 6 Antigen-presenting capacity of L-DC. CD8a" c¢DC, myeloid cells (mono/mac) and L-DC subsets were sorted from C57BL/6J spleen based on gat-
ing protocols described in Figure 4. LTC-DC were collected as non-adherent cells from LTC established from spleens of B6.SJL mice. f-DC were enriched
from spleens of C57BL/6J and CBA/H mice using CD11c* microbead positive selection (MACS). (A) To measure in vitro cross-presenting ability, L-DC
and CD8« " ¢DC were pulsed with OVA (10 pg/ml) and co-cultured with purified CFSE-labelled CD8™ T cells (105) from OT-I mice =LPS (1 pg/ml).
Proliferation of cells was measured by dilution of CFSE after 4 days for calculation of percentage divided cells. (B) Isolated L-DC and CD8«™ ¢DC were
pulsed with OVA (as in A), and 10* cells injected i.v. into B6.SJL (CD45.1) mice previously injected with 10° CFSE-labelled OT-I lymphocytes. Spleens
were harvested at 34 days following rechallenge of mice at 25 days with OVA (10 g, i.v.), and assessed flow cytometrically for CFSE and total number
of OT-1 CD8™ T cells in spleen. (C) L-DC and LTC-DC were compared with APC subsets isolated from spleen for capacity to induce a MLR. Responder
T cells were prepared from CBA/H mice by depletion of B cells, myeloid cells and DC using magnetic beads, labelled with CFSE, and co-cultured with APC,
using T cells only as a control. Responding T cells were analysed flow cytometrically at 4 days following antibody staining to gate live (PI"), CD11¢ ™,
CD4™ or CD8™ populations. Number of divided cells reflects cells showing a reduction in CFSE intensity.

understanding of all APC subsets and their immune response
potential is needed to optimize vaccination and immunotherapy

intravenously delivered antigen. Here we show phenotypic and
functional distinction between L-DC and other known APC subsets

protocols. The novel APC subset ‘L-DC’ partially characterized
here, resembles the immature myeloid ‘LTC-DC’ produced in long-
term spleen cultures. Their equivalence is based on common
marker expression and function in endocytosis and antigen pres-
entation. Both LTC-DC and L-DC stimulate CD8™ T cells, particu-
larly after exposure to ‘danger signals’ like LPS, but only weakly
stimulate CD4™ T cells. L-DC cross-present antigen, and may
function in viral infections or cancer where a CD8™ T-cell response
is beneficial. We suggest that L-DC may play a distinct role in
immunity to blood-borne antigen, and have high accessibility for
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in spleen, justifying their further investigation as a novel immune
system component.

Previous studies have demonstrated clear differences between
mo-DC and ¢DC in terms of phenotype and cell lineage [11]. L-DC
are distinct from both mo-DC and cDC which are MHC-11" cells.
We identify clear phenotypic distinction between myeloid
(macrophage/monocyte) cells  (FSC°CD11b™CD11¢™ MHC-
[I"CD8a ), CD8« ¢DC (FSC'°CD11_b+CD11ch'MHC-II+CD8a’),
CD8a™ ¢DC (FSC°CD11b~CD11c™MHC-II"CD8a™) and L-DC
(FSC"CD11b"CD11¢°MHC-11"CD8. ). These cell subsets all
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differ in size, in vivo and in vitro endocytic capacity, and T cell
activation ability. Analysis of uptake of intravenously administered
antigen by APC subsets in spleen identified L-DC and myeloid cells
as more accessible to blood-borne antigen than ¢DC (Fig. 5). By
comparison with CD8a " ¢DC [2], L-DC cross-present antigen par-
ticularly well after exposure to LPS, again a property shared with
LTC-DC. This cross-presenting function distinguishes them from
other myeloid lineage cells (/.e. monocytes/macrophages) that can
take up antigen in vivo (Fig. 5), but cannot activate antigen-spe-
cific T cells in vitro (Fig. 6B). Because LPS is required to activate
L-DC for cross-presentation, L-DC may exist in vivo in a resting or
immature state, such that inflammation enhances their cross-pres-
entation function. By contrast, CD8a" ¢DC subsets are capable of
cross-presentation upon ex vivo isolation, and reduce this capacity
after LPS treatment [33]. L-DC could be important targets for vac-
cination against blood-borne pathogens or tumours, because
inflammation would induce an optimal response. A DC subset in
blood has been described with high accessibility to blood-borne
antigens which functions in T-cell-independent marginal zone B-
cell activation in spleen [34]. These were characterized as
CD11¢°CD11b"CD8a MHC-11'°CD80 CD86°B220 ~ cells, resem-
bling L-DC. However, the role of L-DC in spleen in induction of B-
cell responses has not yet been investigated. When compared with
less common DC subsets in spleen, L-DC are distinct from
described marginal zone CD8«*CD1037CD207 " DC [35]. They
are also distinct from CD11¢°CD11b™ pre-cDC [10] and from
CD11b~CD8a™ cDC precursors [36].

In terms of their relationship with other subsets, LTC-DC do
not have the immunosuppressive properties of regulatory DC
(Fig. 3) [6, 7]. They also do not resemble TNF/iNOS-producing DC
that are F4/80~ and CD205™ cells [9, 37]. LTC-DC do not induce
CD4"CD25" regulatory T (Treg) cells as do pDC (unpublished
data). CD86 was very weakly expressed on L-DC but was consis-
tently expressed by LTC-DC. However, in vitro culture is known to
cause some level of DC activation with up-regulation of CD86 [38],
and reculture of LTC-DC directly on to plastic results in weak up-
regulation of CD86 [21].

One important issue, considering the myeloid (CD11b™) and
immature (MHC-11"") phenotype of LTC-DC and L-DC, is their rela-
tionship with the broader group of monocytes/macrophages. In all
sorting experiments to isolate L-DC, a spleen cell population of
‘myeloid’ cells (CD11chD11bh'MHC-II7FSC'°) was isolated for
direct comparison. It should be emphasized that this ‘myeloid’ cell
population, although heterogeneous, failed to stimulate either
CD4" or CD8" T cells in an MLR, whereas L-DC displayed clear
but restricted CD8™ T-cell activation capacity. This demonstrated
a key characteristic of all DG but not other myeloid cell types,
which is the ability to stimulate naive T cells. Because LPS stimu-
lation was required for acquisition of cross-presentation capacity,
L-DC must exist in steady-state spleen as immature, and not acti-
vated cells. They contrast with mo-DC that require an inflamma-
tory or disease context for development [10]. Although L-DC do
not resemble other myeloid cells, the possibility that they share a
common progenitor needs further exploration. The high in vivo
capacity of L-DC for blood-borne antigen uptake is reflective of
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macrophages in the marginal zone of spleen [39]. However,
macrophages do not contribute to antigen-specific T-cell immu-
nity, and primarily process antigen for marginal zone B cells. L-DC
are also F4/807 cells (preliminary data), and do not resemble any
of the spleen macrophage subsets, including marginal zone
macrophages, metallophilic macrophages and red pulp
macrophages. F4/80 is not expressed by marginal zone
macrophages or metallophilic macrophages, and red pulp
macrophages that express F4/80 are CD11b'° [40].

L-DC and LTC-DC phenotypically, but not functionally, reflect
some described regulatory DC subsets. These cells are not
well characterized, and represent a range of cell types isolated
under different conditions, having a common myeloid
CD11¢'°cD11b*MMHC-1 phenotype. Unlike regulatory DC,
LTC-DC have no suppressive capacity for T cells (Fig. 3). Some
regulatory DC derive by further differentiation of DC or DC precursors,
such as diffDC which develop in stromal cultures from mature
mo-DC [6]. One distinct subset of regulatory ‘CD11¢°CD45RB™
DC which induces Tregs derives from Lin ckit” bone marrow
progenitors cultured over a splenic stroma of fibroblasts and
macrophages [41]. Splenic endothelial cells also support develop-
ment of CD11c°CD11b™MHC-II'" regulatory DC from BM
Lin"ckit™ precursors [7]. These were shown to have an in vivo
spleen counterpart that is more similar in phenotype to L-DC than
other regulatory DC. Functionally, these cells secrete nitric oxide
and suppress CD4" T-cell proliferation, reputed characteristics of
regulatory DC [7]. The functional competence of L-DC and LTC-DC
in terms of cross-presentation would appear to contradict this clas-
sification. Further comparative functional studies will be required to
determine the extent of similarity between in vivo regulatory DC
subsets and the L-DC subset described here. L-DC also resemble
myeloid suppressor cells by expression of CD11b, F4/80 and Ly6C
[42]. Myeloid suppressors are found in tumour-bearing mice and
human beings and are very heterogeneous, representing a range of
early myeloid differentiative states. L-DC are distinct, however, by
their expression of CD11¢ and their existence in normal mice. At
this stage, L-DC reflect myeloid suppressors only in so far as they
are immature myeloid cells. Further experimentation will be
directed at identifying the lineage origin of L-DC and understanding
their unique functional capacity in regard to vaccination strategies.
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