
Antigen processing and CD24 expression determine antigen
presentation by splenic CD4

+ and CD8
+ dendritic cells

Introduction

The ability of a dendritic cell (DC) to process and present

antigen depends on three major factors: the maturity of

the DC, its tissue of origin, and the DC subpopulation.

Immature tissue-derived DCs have high endocytic activity

but express low levels of major histocompatibility com-

plex (MHC) and costimulatory molecules.1–3 Mature DCs

have lower endocytic activity but higher expression of

MHC and costimulatory molecules, enhancing their effi-

ciency for antigen presentation.4. DCs also change their

expression of chemokine receptors during maturation.

Immature DCs express CC chemokine receptor (CCR)1,

CCR2 and CCR6, while maturing DCs express CCR7.5–7

Thus, a DC that encounters antigen and a maturation

stimulus will first internalize and process the antigen,

then shift its pattern of chemokine receptor expression,

migrate from the site of antigenic challenge to T-cell areas

in lymphoid tissue, and finally present processed antigen

and costimulatory molecules that are necessary for effec-

tive stimulation of T cells.

In addition to the maturation state of the DC, the

outcome of DC–T-cell interaction depends on the tissue

where this encounter occurs. Both splenic and Peyer’s

patch (PP) DCs express MHC class II (MHC-II) mole-

cules and costimulatory molecules, but the outcomes

of the interaction between T cells and DCs from these

two sites are different. Spleen-derived DCs generally acti-

vate T cells that produce interferon (IFN)-c, whereas

PP-derived DCs generate T cells that predominately pro-

duce interleukin (IL)-10 and transforming growth factor

(TGF)-b.8 Liver-derived DCs induce apoptosis of T cells,

and this apoptosis is reversible by caspase inhibitor,

leading to proliferation and production of IL-10, IFN-c
and TGF-b, but not IL-2 or IL-4.9 Differences in anti-

gen-presenting cell (APC) function in different tissues

may account for the development of immune privileged

sites.10,11

The final level of functional heterogeneity in DC popu-

lations occurs with distinct subpopulations of DCs identi-

fied within a specific tissue. Splenic DCs have been

divided into CD8+ (CD8+ CD4– CD11b–), CD4+ (CD8–

CD4+ CD11b+) and double-negative (DN) DCs (CD8–

CD4– CD11b+).12–15 More recent reports have also

identified spleen-derived plasmacytoid (B220+ Ab clone

(GR)-1+) DC populations.16 Heterogeneity has also been
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Summary

To examine heterogeneity in dendritic cell (DC) antigen presentation

function, murine splenic DCs were separated into CD4+ and CD8+ popu-

lations and assessed for the ability to process and present particulate anti-

gen to CD4+ and CD8+ T cells. CD4+ and CD8+ DCs both processed

exogenous particulate antigen, but CD8+ DCs were much more efficient

than CD4+ DCs for both major histocompatibility complex (MHC) class

II antigen presentation and MHC class I cross-presentation. While antigen

processing efficiency contributed to the superior antigen presentation

function of CD8+ DCs, our studies also revealed an important contribu-

tion of CD24. CD8+ DCs were also more efficient than CD4+ DCs in

inducing naı̈ve T cells to acquire certain effector T-cell functions, for

example generation of cytotoxic CD8+ T cells and interferon (IFN)-c-

producing CD4+ T cells. In summary, CD8+ DCs are particularly potent

antigen-presenting cells that express critical costimulators and efficiently

process exogenous antigen for presentation by both MHC class I and II

molecules.
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described within the liver and PP.17–19 These different DC

subpopulations may play distinct roles in regulating the

immune response.17–21

The precise functions of different splenic DC subsets

remain uncertain. Most studies have divided splenic DCs

into CD8+ and CD8– subsets, but CD8– DCs can be

divided into three other subsets (CD4+ CD8– CD11b+,

CD4– CD8– CD11b+ and B220+). Thus, many studies fail

to fully characterize splenic DC subpopulations. Despite

these inconsistencies, several studies have identified differ-

ences in the ability of splenic DC subpopulations to gen-

erate T-cell responses. In some reports, freshly isolated

splenic CD8– DCs were more effective than CD8+ DCs

for presentation of soluble antigen to naı̈ve CD4+ T

cells.22–25 In contrast, other studies have reported that

CD8+ DCs present antigen to CD4+ T cells, are a prime

source of IL-12 and IFN-c, and promote T helper type 1

(Th1)-type responses, while CD8– DCs produce IL-10 and

induce Th2-type responses.22,26–32 Overall, the type of

antigen that is being processed and the activation state of

the DC must be taken into account when determining the

fate of the immune response.

In the results presented here, we used a procedure that

does not engage CD11c to isolate CD4+ and CD8+ DCs.

We were able to characterize the ability of two popula-

tions of splenic DCs to process and present particulate

antigen to T cells, and to discern differences in both anti-

gen processing and costimulatory functions. CD8+ DCs

were more efficient in antigen processing via both the

‘alternate MHC-I’ or ‘cross processing’ pathway and the

classical MHC-II pathway. Increased efficiency of antigen

processing resulted in better antigen presentation to naı̈ve

T cells, as assessed by increased proliferation at lower

antigen doses and more efficient generation of more

CD8+ cytotoxic T lymphocytes (CTLs). In addition,

CD8+ DCs expressed higher levels of CD24, which func-

tions as an essential costimulatory molecule for both

CD4+ and CD8+ T cells. Superior antigen processing effi-

ciency and costimulator expression may make CD8+ DCs

more effective than CD4+ DCs for initiation of T-cell

responses.

Materials and methods

Cell isolation

Spleens from C57BL/6 J mice (Jackson Laboratories, Bar

Harbor, ME) were minced and incubated in digestion

buffer containing 150 U/ml collagenase (Worthington,

Lakewood, NJ) and 30 U/ml DNase (Sigma, St Louis,

MO) at 37� with mixing for 1 hr. Spleen single-cell sus-

pensions were prepared by passage through a 70-lm cell

strainer (Becton Dickinson Laboratories, Franklin Lake,

NJ) and incubation in Gey’s solution (0�85% NH4Cl with

10 mM KHCO3) for 5 min to lyse red blood cells. Cells

were washed, and CD4+ or CD8+ DC subsets were iso-

lated using a magnetic bead isolation kit (Miltenyi Biotec

Inc., Auburn, CA). Isolated CD4+ and CD8+ DCs were

80–85% pure, with less than 10% T cells, no MHC+

CD11c– cells, and with no detectable cross-contamination

of CD4+ DCs in the CD8+ DC population or vice versa

(data not shown). To isolate T-cell populations from

OT-I mice (Jackson Laboratories) or OT-II mice (kind

gift from Dr Judith Kapp, Emory University, Atlanta,

GA), splenocytes were prepared, erythrocytes were lysed,

and cells were washed with magnetic antibody cell sorting

(MACS) buffer [phosphate-buffered saline (PBS))0�1%

bovine serum albumin (BSA) and 2 mM ethylenediamine-

tetraacetic acid (EDTA)]. Cells were then incubated with

antibody cocktail and magnetic beads to enrich for CD8+

or CD4+ T-cell populations by negative selection (Milte-

nyi Biotec Inc.). This procedure generated T cells that

were > 85% pure (data not shown). Case Western Reserve

University School of Medicine’s Institutional Animal Care

and Use Committee have approved all studies involving

animals.

Antigen processing and presentation assays

To examine antigen processing, 2 · 104 DCs were added

to 96-well flat-bottom plates (Becton Dickinson Laborato-

ries) with various concentrations of latex-ovalbumin

(L-OVA; ovalbumin non-covalently linked to a latex par-

ticle). L-OVA was generated by incubating 2-lm poly-

styrene latex beads (Polyscience, Warrington, PA) with

10 mg/ml ovalbumin (Worthington) in citrate buffer

(0�2 M citric acid, pH 4�2) for 48 hr at 4�. To ensure anti-

gen loading, DCs and L-OVA were centrifuged at 500 g

for 10 min at 37� and incubated at 37� for an additional

1 hr. T hybridoma cells (CD8OVA1�3 for detection of

MHC-I antigen processing; DOBW for detection of

MHC-II antigen processing) were added (105 cells/well)

and the culture was incubated for 20–24 hr at 37�.33,34

After 24 hr, culture supernatants were assessed for IL-2

production using a CTLL-2 bioassay and spectrophoto-

metric readout with Alamar blue (Alamar Bioscience,

Inc., Sacramento, CA). All antigen-processing reactions

were performed in triplicate. For antigen presentation

experiments, DCs (2 · 104 cells/well) were cultured with

L-OVA for 1 hr, OT-I or OT-II T cells were added

(2 · 105 cells/well), cultures were incubated for 96 hr,

and 1 lCi 3H-Thy (Perkin-Elmer, Boston, MA) was

added for the last 8 hr of culture. For antibody blocking

experiments, DCs were first cultured with L-OVA for

1 hr at 37� and then antibody was added at 1 lg/ml for

an additional 1 hr. When cells were washed after antibody

incubation, there was no significant decrease in T-cell

inhibition, suggesting that interaction with DCs was suffi-

cient to inhibit the T-cell response. Cells were collected

using a Tomtec cell harvester (Tomtec, Hamden, CT) and
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the amount of 3H-Thy incorporation was determined

using a Wallac beta-plate reader (Perkin-Elmer).

Flow cytometry analysis of DC populations

DCs were added to 96-well V-bottom plates (105 cells/

well) and incubated in PBS with 0�1% BSA and 10% nor-

mal mouse serum [fluorescence-activated cell sorting

(FACS) buffer] for at least 20 min at 4�. For characteriza-

tion of lineage markers and costimulatory signals, cells

were stained with fluorochrome-conjugated rat anti-

mouse CD11b (clone M1/70; BD Pharmingen, San Diego,

CA), hamster anti-mouse CD11c (clone N418; eBio-

science, San Diego, CA), rat anti-mouse DEC-205 (clone

NLDC-145; AbD Serotec, Raleigh, NC), rat anti-mouse

33D1 (clone 33D1; eBioScience), rat anti-mouse CD24

(clone M1/69; BD Pharmingen), hamster anti-mouse

CD80 (clone 16-10A1; BD Pharmingen), rat anti-mouse

CD86 (clone GL1; BD Pharmingen) or isotype control

antibody (rat IgG2a, hamster IgG or biotin-conjugated

rat-IgG2b; BD Pharmingen) in the presence of 10% nor-

mal mouse serum. Cells incubated with biotinylated anti-

bodies were then washed two times in FACS buffer and

then incubated for an additional 20 min in FACS buf-

fer containing PE-conjugated streptavadin (eBioscience).

Cells were washed in PBS, and fixed in 2% paraformalde-

hyde in PBS for flow cytometry. To examine intracellular

cytokine production, DCs (2 · 104 cells/well) were cul-

tured for 4 days with OT-II T cells (2 · 105 cells/well).

DCs cells were removed with anti-CD11c+ beads, and

remaining T cells were incubated for 5–6 hr in the pres-

ence of 1 lg/ml brefeldin in plates coated with anti-CD3

(coated with 100 lg/ml anti-CD3 and washed). Cells were

fixed with BD Cytofix/CytoPerm solution (BD Pharmin-

gen) containing formaldehyde and then stained with

anticytokine antibodies in BD Perm/Wash buffer (BD

Pharmingen) containing saponin for cell permeablization.

Cells were then examined within 4 hr with a FACScan

flow cytometer (Becton Dickenson Immunocytometry

Systems, San Jose, CA). Approximately 1–2 · 104 events

were acquired and analysed using FLOWJO software (Tree

Star Inc., Ashland, OR). The mean fluorescent value

(MFV) for isotype control antibody was subtracted from

the MVF with specific antibody to determine specific MFV.

Mouse cytokine antibody array

Conditioned media from 96-hr cultures containing

L-OVA-pulsed CD4+ or CD8+ DCs and OT-II T cells were

incubated on Cytokine Antibody Array Membrane (Ray-

Biotech Inc., Norcross, GA) for 2 hr at 4�. Membranes

were washed and biotin-conjugated anticytokine antibod-

ies were added to the membrane for an additional 2 hr.

After washing, horseradish peroxidase (HRP)-conjugated

streptavidin was added to the membrane for another

2 hr. After final washes, detection buffer was added to

the membrane for 2 min and then membrane was then

photographed using a CCD camera (Versa Doc 3000

Imaging System; Bio-Rad, Hercules, CA) and analysed

using QUALITYONE 4�4.0 software (Bio-Rad). The intensi-

ties of signal for all cytokines were compared to that for

the positive control. To determine relative amounts of

cytokine produced, these corrected values for T cells cul-

tured with DC subsets were then compared with those for

media that contained T cells alone.

Cytotoxicity assay

The just another method (JAM) assay was set up as previ-

ously described.35 Specifically, DCs (105 cells/well) were

preincubated in 24-well plates with 1000 ng/ml L-OVA

for 1 hr prior to the addition of OT-I T cells

(2 · 106 cells/well) and then incubated for 5 days. Cul-

tured OT-I T cells were washed extensively, added to

96-well plates and cultured for 4–5 hr with 5 · 103 EL4

target cells (which were previously cultured at 2 · 104

cells/ml overnight and labelled with 5 lCi/ml 3H-Thy for

4–5 hr in the presence or absence of OVA257-264). A single

plate without T cells was harvested to determine [3H]thy-

midine release as a result of spontaneous lysis. In all

experiments spontaneous lysis was less than 5%. Cells

were harvested and the percentage of cytotoxicity was

determined using the following formula: % cytotoxic-

ity ¼ [(S ) E)/S] · 100, where E represents release in

experimental wells and S represents spontaneous release

from labelled EL4 cells in media only.

Results

Antigen processing by DC subsets

To test the ability of DC subsets to process and present

antigen, CD4+ or CD8+ DCs were isolated by an immuno-

magnetic bead method that first depleted large popula-

tions of non-DCs and then isolated CD4+ or CD8+ DCs

by positive selection (avoiding engagement of CD11c). To

further define these CD11c+ DC subsets (specific MFV

for CD4, 281; for CD8, 781), we examined them for

expression of CD11b, DEC-205 and 33D1, markers

known to be differently expressed on these DC popula-

tions.36 We found that, as expected, CD4+ DCs expressed

higher levels of CD11b (specific MFV 10�5 versus 4�5),

but lower levels of DEC-205 (specific MFV 1�9 versus

7�2) when compared with CD8+ DCs. More importantly,

we found that 33D1 helped to distinguish CD4+ DCs

from CD8+ DCs, with CD4+ DCs expressing high levels

of 33D1 (specific MFV 99�8 versus 6�0) (Fig. 1). After

exposure of DCs to L-OVA, cell-surface expression of

peptide–MHC complexes was used as a measure of anti-

gen processing and was assessed using MHC-I or MHC-II
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restricted T-cell hybridomas (CD8OVA1�3 or DOBW,

respectively; see ‘Materials and methods’). CD8+ DCs

were more efficient than CD4+ DCs at processing particu-

late antigen for presentation to both MHC-I and MHC-II

restricted T cells (Fig. 2). Both populations of DCs were

effective at MHC-II antigen processing and presented

antigen to CD4+ T cells, but CD8+ DCs were more effi-

cient. For MHC-I cross-processing and cross-presentation,

only CD8+ DCs were effective, and CD4+ DCs did not

cross-present L-OVA.

Antigen presentation and the costimulatory
molecule CD24

As T hybridoma cells respond to peptide–MHC com-

plexes in the absence of costimulatory molecules that are

required by primary T cells, they do not allow a full

assessment of antigen presentation function. To more

fully assess the antigen-presenting function of splenic DC

subsets, we cultured CD4+ and CD8+ DCs with L-OVA

and added T-cell receptor (TCR) transgenic, OVA-specific

naı̈ve MHC-I-restricted OT-I T cells or MHC-II-restricted

OT-II T cells. These naı̈ve T cells require both peptide–

MHC complexes and additional costimulatory molecules

to induce proliferation. Consistent with the results shown

in Fig. 2, CD8+ DCs were more efficient than CD4+ DCs

at stimulating OT-I and OT-II T cells (Fig. 3). For exam-

ple, at 100 ng/ml L-OVA CD8+ DCs produced a 6-fold

greater OT-I response than CD4+ DCs.

Because naı̈ve T-cell responses require the presence of

costimulatory molecules as well as peptide–MHC com-

plexes produced by antigen processing, we examined the

expression of costimulatory molecules on the two DC

populations. CD8+ DCs expressed slightly higher levels of

CD80 and CD86 than CD4+ DCs (Fig. 4; specific MFV

ratios of 42 : 36 and 46 : 16, respectively). In addition,

CD8+ DCs exhibited much stronger CD24 staining than

CD4+ DCs (Fig. 4; specific MFV ratio of 316 : 37). To

determine the functional significance of CD80, CD86 and
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Figure 1. Phenotypically distinct splenic dendritic cell (DC) popula-

tions. Freshly isolated CD4+ or CD8+ DCs were stained for expres-

sion of CD11c, CD11b, DEC-205 and 33D1 to distinguish between

the two populations. CD4+ DCs expressed higher levels of CD11b

and lower levels of DEC-205 when compared with CD8+ DCs. 33D1

was effective in differentiating CD4+ DCs from CD8+ DCs.
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Figure 2. CD8+ dendritic cells (DCs) are more efficient than CD4+

DCs for processing and presentation of latex-ovalbumin (L-OVA) to

T hybridoma cells. CD4+ or CD8+ DCs (2 · 104) were cultured with

L-OVA for 1 hr prior to addition of 105 CD8OVA1�3 [a, major

histocompatibility complex class I (MHC-I)-restricted] or DOBW

(b, MHC-II-restricted) T hybridoma cells. Cultures were then incu-

bated at 37� for 24 hr, and supernatants were collected for a CTLL

assay to assess interleukin (IL)-2 production. (a) CD8OVA1�3
responses. (b) DOBW responses. Data points are mean ± standard

deviation (*, P < 0�01 by Student’s t-test). When not visible, error

bars are smaller than the symbol. Results are representative of five

independent experiments.
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CD24 on CD8+ DCs, we cultured CD8+ DCs with

L-OVA (1000 ng/ml) and either isotype control or spe-

cific blocking antibody against CD24, CD80 and/or CD86

for 1 hr prior to the incubation with OT-I or OT-II T

cells. Addition of antibodies to DCs for 1 hr prior to the

addition of T cells is effective for blockade of functional

costimulatory activity on DCs, and washing the cells after

this initial incubation does not decrease blockade of the

DC costimulatory function (data not shown). OT-I T cell

proliferation was partially inhibited by antibodies to

CD80 or CD86 (inhibition of 33 or 50%, respectively),

and a combination of these antibodies reduced OT-I

proliferation by 93% (Fig. 5a). Thus, naı̈ve OT-I T cells

require both CD80 and CD86 for generation of a full

response, confirming the importance of CD28 signalling

in responses of these naı̈ve CD8+ T cells to CD8+ DCs.

Strikingly, anti-CD24 blocking antibody alone inhibited

OT-I T cell proliferation by 75%, a far greater value than

that for antibodies against either CD80 or CD86 alone,

revealing an important costimulatory function for CD24

in driving responses of CD8+ T cells to CD8+ DCs. OT-II

T-cell proliferation was less susceptible to blockade by a

single antibody to CD80 or CD86 (which produced 0

and 3% inhibition, respectively; Fig. 5b), but addition of

both antibodies inhibited OT-II T-cell proliferation by

71%. Addition of anti-CD24 substantially blocked OT-II

T-cell proliferation (69% inhibition). Thus, CD24 is an

essential costimulatory molecule that is required for

CD8+ DCs to generate responses by CD8+ and CD4+ T

cells. Although CD80 and CD86 provided overlapping

functions, particularly for OT-II cells, CD24 provided a

distinct signal. These results suggest that CD24 functions

as an important costimulatory molecule, and expression

of CD24 by CD8+ DCs may be responsible, in part, for

the particularly effective antigen presentation function of

CD8+ DCs.

Effector function of T cells after encountering splenic
DC subsets

The development of T-cell effector functions is another

physiologically relevant measure of immune response.

To evaluate the effector function of T cells, we exam-

ined the acquisition of cytotoxic function by CD8+ T

cells and the induction of cytokine secretion by CD4+

T cells. To determine the development of CTLs, a JAM

cytotoxicity assay with [3H]thymidine-labelled OVA-

pulsed tumour cells was performed using OT-I T cells.

CD4+ or CD8+ DCs were pulsed with 1000 ng/ml

L-OVA for 1 hr prior to the addition of OT-I T cells

and were further incubated for an additional 5 days.
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Figure 3. CD8+ dendritic cells (DCs) are more efficient than CD4+

DCs for induction of naı̈ve CD4+ and CD8+ T cell proliferative

responses. CD4+ or CD8+ DCs (4 · 104) were cultured with latex-

ovalbumin (L-OVA) for 1 hr prior to addition of 105 T cells. Cul-

tures were then incubated at 37� for 96 hr with 1 lCi [3H]thymidine

added for the last 8 hr. Cells were harvested and [3H]thymidine

incorporation was assessed. (a) Major histocompatibility complex

class I (MHC-I)-restricted OT-I T-cell responses. (b) MHC-II-

restricted OT-II T-cell responses. Data points represent mean ± stan-

dard deviation (*, P < 0�01 by Student’s t-test). When not visible,

error bars are smaller than the symbol. Results are representative of

six independent experiments. CPM, counts per minute.
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Figure 4. CD24 expression distinguishes CD4+ and CD8+ dendritic

cells (DCs). Splenic CD4+ and CD8+ DCs were stained for expres-

sion of costimulatory molecules CD24, CD80 and CD86 and assessed

by flow cytometry. Bold line, CD8+ DCs; thin line, CD4+ DCs.

Shaded histogram, staining of CD8+ DCs with isotype-matched neg-

ative control antibody (CD4+ DCs gave similar staining with con-

trol antibody). Results are representative of five independent

experiments.
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The T cells were then incubated for 5 hr with [3H]thy-

midine-labelled EL4 target cells in the presence or

absence of OVA323-339. Despite their poor cross-presen-

tation function, CD4+ DCs did generate CTLs, but they

were much less efficient than CD8+ DCs (Fig. 6 and

data not shown). One-hundred-fold less antigen was

required to produce effective CTLs from OT-I T cells

cultured with CD8+ DCs (data not shown). Thus,

CD8+ DCs promote development of CTLs much more

efficiently than CD4+ DCs.

Specific cytokine production, another physiologically

relevant measure of the T-cell immune response, was

measured in OT-II CD4+ T cells. Culture of OT-II T cells

with either CD4+ or CD8+ DCs and L-OVA induced pro-

duction of cytokines, including IFN-c and IL-2 (Fig. 7).

CD8+ DCs effectively induced both IFN-c and IL-2

responses, whereas CD4+ DCs induced production of

IL-2 but only low amounts of IFN-c by CD4+ T cells. As

with the generation of CTLs, CD4+ DCs required higher

antigen doses than CD8+ DCs to generate effector CD4+

T cells producing cytokines (data not shown). When we

examined the production of cytokines in cultures using

antibody-based cytokine arrays, we found that both DC

populations could promote OT-II to produce IFN-c and

IL-2. The cytokine levels were always higher in OT-II T

cells cultured with CD8+ DCs (Fig. 8). Thus, CD8+ DCs

were more efficient than CD4+ DCs for generation of

effector T-cell responses, including both cytotoxic func-

tion and cytokine secretion.
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Figure 6. CD8+ dendritic cells (DCs) are more efficient at generat-

ing CD8+ cytotoxic T lymphocytes (CTLs). CD4+ or CD8+ DCs

(2 · 105) were cultured with 2 · 106 OT-I CD8+ T cells in 24-well

plates for 5 days. EL4 cells were incubated with [3H]thymidine and

ovalbumin (OVA323-339), and labelled EL4 target cells (104 cells/well)

were plated in a 96-well plate with the indicated ratio of cultured

OT-I CD8+ T cells for 5 hr at 37�. The percentage cytotoxicity was

determined as described in ‘Materials and methods’. Data points rep-

resent mean ± standard deviation (*, P < 0�01 by Student’s t-test).

When not visible, error bars are smaller than the symbol Results are

representative of six independent experiments.

Figure 7. CD4+ and CD8+ dendritic cells (DCs) both generate T

helper type 1 (Th1)-like responses by CD4+ T cells. CD4+ or CD8+

DCs (4 · 104) were cultured for 1 hr with latex-ovalbumin (L-OVA)

(1 lg/ml). OT-II cells were then added for 96 hr. Cells were then

washed and added to 96-well plates coated with anti-CD3 in the

presence of 1 lg/ml brefeldin A for 5–6 hr. Cells were washed,

stained with anti-CD3, fixed with formaldehyde, labelled with anti-

cytokine antibodies in the presence of saponin, and assessed by flow

cytometry. Results are representative of four independent experi-

ments. IFN, interferon; IL, interleukin.
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Figure 5. CD24 functions as a costimulatory molecule for CD4+

and CD8+ T cells. CD8+ dendtritic cells (DCs) (4 · 104) were cul-

tured for 1 hr with latex-ovalbumin (L-OVA) (1 lg/ml) with or

without blocking antibodies (5 lg/ml) to CD24 (clone M1/69),

CD80 (clone 16�10A1), and/or CD86 (clone GL1) for 1 hr. The iso-

type control is represented by rat immunoglobulin G2a (IgG2a)

(clone R35-95). There was no change in T-cell proliferation when

other isotype controls were used (rat IgG2b or Armenian hamster

IgG). T cells (105) were then added and cultures were incubated for

96 hr, with 1�0 lCi [3H]thymidine added for the last 8 hr. Cells were

then harvested and [3H]thymidine incorporation was assessed.

(a) Major histocompatibility complex class I (MHC-I)-restricted OT-

I responses. (b) MHC-II-restricted OT-II responses. Data points rep-

resent mean ± standard deviation (*, P < 0�01 by Student’s t-test).

The results are representative of three independent experiments.

CPM, counts per minute.

452 � 2007 Blackwell Publishing Ltd, Immunology, 123, 447–455

D. Askew and C. V. Harding



Discussion

Earlier studies of splenic DCs divided them into two sub-

populations based on expression of CD8a or CD11b defin-

ing lymphoid DCs (CD8a+CD11b–) or myeloid DCs

(CD8a– CD11b+).12,37 Changes in the isolation procedure

resulted in splenic DCs being divided into CD8a+ DCs

(CD8a+ CD4– CD11b–), CD4+ DCs (CD8a– CD4+

CD11b+), or DN DCs (CD8a– CD4– CD11b+).12–15 These

DC subpopulations are often classified as conventional DCs

to distinguish them from B220+ plasmacytoid DCs.16,38,39

It is unclear whether or not these conventional DC subsets

are developmentally related. While one study suggested that

CD8+ DCs arise from the CD8– subset,40 other studies have

identified unique precursor cells, suggesting that these sub-

populations do not represent immature phenotypes of

other DC subpopulations.13,21,41,42 Given the existence of

phenotypically and developmentally distinct DC subpopu-

lations, it is important to determine whether these subpop-

ulations are functionally distinct.

For studies of the functional heterogeneity of splenic

DC subpopulations, it is necessary to account for how the

DC subpopulations are isolated, the type of antigen being

processed (soluble versus particulate), and whether or not

adjuvants are being used. Furthermore, it is important to

isolate single defined DC populations. In some earlier

studies examining CD8+ and CD8– DC populations, the

CD8– population consisted of at least two subpopulations

based on CD4+ expression. While some studies suggest

that there are distinct functions for different DC subpopu-

lations in their interactions with naı̈ve T cells, these stud-

ies have often provided conflicting results as to T-cell type

and outcome of response.22–32 Our studies support the

role of CD8+ DCs as the predominant APC in the spleen

when dealing with particulate antigen for both CD4+ and

CD8+ T-cell responses, and CD8+ T-cell responses were

particularly focused on this DC population.

A number of factors may contribute to differences in

MHC-I and MHC-II antigen presentation by distinct DC

populations. One factor is the ability to internalize anti-

gen; our CD4+ and CD8+ DCs may differ to some degree

in antigen uptake, but both DC subsets were able to pro-

cess and present antigen to CD4+ T cells (Figs 2b and

3b), and the differences in MHC-II-restricted presentation

were less than for MHC-I-restricted presentation. Another

factor is the efficiency with which antigen enters the pro-

cessing pathway and is processed to form peptide–MHC

complexes. The greater ability of CD8+ DCs to present

antigen to CD8+ T cells may be explained by greater

access to antigen for MHC-I processing and greater cross-

processing efficiency in CD8+ DCs. Finally, different costi-

mulator expression may account for significant differences

in the antigen presentation functions of different DC

subsets. While many costimulatory molecules have been

identified, the most recognized essential molecules are

members of the B7 family, CD80 and CD86.43–45 The role

of these molecules is to interact with CD28, which is con-

stitutively expressed on T cells, to promote proliferation

and survival upon interaction with APCs. In our studies,

CD8+ DCs had a slightly higher expression of CD86 com-

pared with CD4+ DCs, but it is unlikely that this small

difference accounts for the differences in antigen presen-

tation between the two populations of DCs. One costimu-

latory molecule that is differentially expressed on CD8+

and CD8– DCs is CD24.12–14,46–48 In CD28 knockout

mice, CD24 plays an essential role as a costimulatory

molecule, especially in the activation of CD4+ T cells and

in isotype switching.47 While CD24 may not be essential

for development of effector T cells, signalling through

both CD24 and CD28 has been found to promote the

development of memory T cells.48 In CD24 knockout

mice, CD4+ T cells developed both effector and memory

responses.49 As soluble antigen was used this is not sur-

prising, as we would expect CD8– DCs to play a domi-

nant role in activating CD4+ T cells. Because these cells

tend to be CD24–, we would not expect to find a differ-

ence in T-cell response. In our studies, blocking antibod-

ies against CD24 and CD80/CD86 showed that both

pathways were essential for T-cell proliferation (Fig. 5).

In summary, our studies demonstrated that CD8+ DCs

are more efficient at presenting particulate antigen to
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Figure 8. CD4+ and CD8+ dendritic cells (DCs) support production

of interferon (IFN)-c and interleukin (IL)-2 by ovalbumin (OVA)-

specific CD4+ T cells. Latex-ovalbumin (L-OVA)-pulsed CD4+ or

CD8+ T cells were cultured with OT-II T cells for 96 hr. (a) Cell

supernatant was collected and production of cytokines was deter-

mined using a cytokine antibody array. (b) The relative levels of each

cytokine were compared to those for T cells cultured in media alone,

as described in ‘Material and methods’. CD8+ DCs promoted

increased production of IL-2 and IFN-c when compared with T cells

cultured with CD4+ DCs (*, P < 0�01 by Student’s t-test). Results

are representative of three independent experiments.
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both CD4+ and CD8+ T cells, and CD8+ DCs were nota-

bly predominate in driving CD8+ T cell responses. These

results differ from other studies that suggested a separa-

tion of function, with CD8+ DCs presenting antigen to

CD8+ T cells and CD8– DCs (including CD4+ DCs) pre-

senting antigen to CD4+ T cells.23,24,50,51 Differences in

isolation technique may account for these differences.

While the efficiency of antigen presentation depends on

antigen processing, the presence of the costimulatory

molecule CD24 on CD8+ DCs was a significant factor in

determining the efficiency of antigen presentation. The

expression of CD24 may also enhance the development

of memory T cells, a key to maintaining an immune

response against recall antigens. While these studies show

heterogeneity of splenic DC populations when particulate

antigen is used, these same differences may not be seen

when soluble antigen is used (data not shown). In addi-

tion, our studies were carried out without the addition of

adjuvants to enhance APC–T-cell interactions. One possi-

ble consequence of using adjuvants is to expand the rep-

ertoire of DC subpopulations that can interact with T

cells and thus provide a more robust immune response.

While we and other investigators have identified func-

tional heterogeneity of CD4+ and CD8+ DCs, both of

these DC subpopulations show a range of function that

may be essential for the development of an effective

immune response.
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