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Early secretion of IL-12 by mouse dendritic cells (DCs)
instructs T cells to make IFN-y. However, only activated,
but not naive T cells are able to license DCs for IL-12
production. We hypothesized that it might be due to
different levels of CD40L expression on the surface
of these cells, as CD40 signals are required for IL-12
production. Using quantitative cell-free systems incorpo-
rating CD40L in lipid bilayers combined with total
internal reflection fluorescence microscopy and flow
cytometry, we show that as low as ~200 CD40L mole-
cules/um?” in combination with IL-4 is sufficient to in-
duce IL-12 production by DCs. Remarkably, CD40L
alone is adequate to induce IL-23 secretion by DCs.
Thus, although activated T cells have somewhat higher
levels of CD40L, it is the combination of CD40L and
the cytokines they secrete that licenses DCs and influ-
ences the effector class of the immune response.  The
Journal of Immunology, 2018, 201: 2879-2884.

endritic cells (DCs) are known as “professional”

APCs because of their ability to activate naive T cells

(1) and to initiate IFN-y—mediated responses (T1)

by their ability to secrete IL-12 (2). Thus, the decision-

making partner in the DC/T cell interaction is thought to

be the DC. IL-12 is a heterodimeric cytokine composed of

two covalently linked subunits, namely p40 and p35 (3). The

p40 subunit of IL-12 also pairs with p19 to form IL-23 (4).

However, the mechanism of IL-12 production during the
primary Tyl response has remained unclear.

The current model holds the following: 1) DC and T cell

activation are temporally separated; 2) Ag-bearing DCs provide

and Rajat Varma !

IL-12 to naive T cells during their cognate interaction; and
3) the presence of DC-derived IL-12 induces naive T cells to
produce IFN-y. However, we have previously shown that the
decision to make IL-12 is not intrinsic to the DC, as external
cues are critical factor. For example, in the absence of T cells,
the early presence of IFN-vy is a prerequisite for IL-12 pro-
duction when DCs are exposed to LPS (5). This early IFN-y
could be supplied by NK cells or by Ag-activated, but not
by naive T cells (6), which is also consistent with data ob-
tained with human cells (7, 8). In addition, Ag-activated
T cells can license DCs to produce IL-12 in the absence of
IFN-vy (9), and we have shown that CD40L is essential for
this process (6).

CD40L/CD40 interactions play a pivotal role not only by
licensing DCs to prime cytotoxic T cells (10), but it is also a
critical signal to induce IL-12 production from DCs (11).
Although naive T cells express CD40L (12), we reasoned that
perhaps the inability of naive T cells to induce IL-12 from
DCs could be due to insufficient expression of CD40L
molecules compared with Ag-activated T cells.

Various strategies have been used to stimulate B cells or
DCs through CD40, such as insect cells expressing CD40L
(13) stable transfection of cell lines J558 (11), NIH-3T3 (14),
and HEK-293 cells (15). There are limitations to these
strategies. For instance, we showed previously that activated
DCs stimulated with NIH-3T3, CD40L-expressing cells in-
duce IL-12 production only in the presence of IL-4 (6).
Therefore, we were concerned that cell lines transfected with
CDA40L express/secrete biologically active molecules that could
potentially affect the outcomes of CD40-expressing cells. In
addition, because the expression level of CD40L on transfected
cells is supraphysiological, we decided to take a quantitative

*Laboratory of Immunogenetics, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, MD 20892; "Laboratory of Allergic Diseases,
National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, MD 20892; *Vaccine Research Center, National Institute of Allergy and
Infectious Discases, National Institutes of Health, Bethesda, MD 20892; ’Research
Technology Branch, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, MD 20892; YCancer and Inflammation Program, Center
for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda,
MD 20892; and "Laboratory of Systems Biology, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda, MD 20892

1 .
Current address: Xencor, Inc., Monrovia, CA.

ORCIDs: 0000-0001-9561-4256 (K.P.); 0000-0002-5067-5810 (C.P.); 0000-0001-
5697-0442 (J.S.); 0000-0002-1710-731X (D.W.D.); 0000-0002-7793-3728 (E.O.L.);
0000-0001-5131-0402 (R.V.).

Received for publication June 6, 2018. Accepted for publication September 20, 2018.

www.jimmunol.org/cgi/doi/10.4049/jimmunol. 1800721

This work was supported by the Intramural Research Program at the National Institute
of Allergy and Infectious Diseases, National Institutes of Health.

Address correspondence and reprint requests to Dr. Kaveh Abdi, Laboratory of Immu-
nogenetics, NIAID-NTH, 5625 Fisher Lane, 4512, MSC9418, Rockville, MD 20892-
9418. E-mail address: kabdi@niaid.nih.gov

The online version of this article contains supplemental material.

Abbreviations used in this article: BMDC, bone marrow—derived DC; CSN, culture
supernatant; DC, dendritic cell; LPS-DC, LPS-activated DC; MCC, moth cytochrome
6 MFI, mean fluorescence intensity; sCD40L, soluble CD40L; SEA, staphylococcal
enterotoxin A; TIRF, total internal reflection fluorescence; WT, wild type.

This article is distributed under The American Association of Immunologists, Inc.,
Reuse Terms and Conditions for Author Choice articles.



http://orcid.org/0000-0001-9561-4256
http://orcid.org/0000-0002-5067-5810
http://orcid.org/0000-0001-5697-0442
http://orcid.org/0000-0001-5697-0442
http://orcid.org/0000-0002-1710-731X
http://orcid.org/0000-0002-7793-3728
http://orcid.org/0000-0001-5131-0402
http://orcid.org/0000-0001-9561-4256
http://orcid.org/0000-0002-5067-5810
http://orcid.org/0000-0001-5697-0442
http://orcid.org/0000-0001-5697-0442
http://orcid.org/0000-0002-1710-731X
http://orcid.org/0000-0002-7793-3728
http://orcid.org/0000-0001-5131-0402
mailto:kabdi@niaid.nih.gov
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800721/-/DCSupplemental
http://www.jimmunol.org/info/authorchoice

2880

approach to examine the role of CD40L in triggering IL-12
production from DCs.

In this study, we used three quantitative systems to compare
the number of CD40L molecules on naive and Ag-activated
T cells and DC IL-12 production. We used flow cytometry,
total internal reflection fluorescence (TIRF) microscopy,
lipid bilayers carrying various amounts of CD40L (CD40L
lipid beads), and beads coated with histidine-tagged soluble
CD40L (sCD40L; CD40L beads) to provide CD40 signaling
to DCs. We found that a minimum of ~200 molecules/pm?*
of CD40L is required to induce IL-12 production from LPS-
activated DCs (LPS-DCs), but only in the presence of IL-4.
Surprisingly, IL-23 was readily secreted from LPS-DCs in the
presence of CD40L alone, and its secretion showed an inverse
correlation with IL-12. Collectively, these data suggest that
although to some extend naive T cells express CD40L, mere
engagement of CD40L with CD40 is not sufficient to license
DC:s for IL-12 production and that the cytokine milieu is an
important factor in determining the effector class of immune
response.

Materials and Methods
Mice

Eight- to fourteen-week-old TCR/Cyt 5C.C7-1 RAG2™'™ transgenic mice
specific for peptide 88103 of moth cytochrome ¢ (MCC), B10.A RAG2™'™,
and 5C.C7 CD40L ™'~ mice were generated at the National Institute of
Allergy and Infectious Diseases. All studies were carried out and approved in
accordance with the Institutional Animal Care and Use Committee of the
National Institutes of Health.

Medsa, reagents, and bacteria

Recombinant cytokines were obtained from PeproTech LPS and staphylo-
coccal enterotoxin A (SEA) (Sigma-Aldrich). Cells were cultured in complete
medium as described (6).

Generation of bone marrow—derived DCs

Bone marrow cells were flushed out of the femurs and tibias of B10.A RAG2™/~
mice into complete medium and cultured at 1 X 10° cells per well in a 24-well

plate supplemented with GM-CSF and IL-4 as described (6).

Generation of resting or LPS-activated bone marrow—derived DCs

Six-day bone marrow—derived DCs (BMDCs) cultures were either left un-
treated (resting DCs) or were preactivated with LPS (LPS-DCs) at a final
concentration of 200 ng/ml for 18-24 h. DCs in these cultures were 80-90%
CD11c" cells determined by flow cytometry and, >80% LPS-DCs expressed
CD40 (6).

Generation of naive T cells

Splenocytes from 5C.C7-1 RAG2™'~ mice were incubated with a mixture of
mAbs (BD Pharmingen) followed by negative selection with Dynabeads
(Dynal Biotech) as described (6).

In vitro generation of Ag-activatedfprimed CD4" T cells

Splenocytes from 5C.C7-1 RAG2 ™'~ mice were cultured at 1 X 10° cells/ml
plus 1 M MCC 88-103 at 37°C for 5 d as described (6).

Ni-NTA beads coupled with histidine-tagged CD40L

Recombinant, soluble, mouse histidine-tagged extracellular CD40L (Glu 61/
Leu 260 catalogue no. P27548) and sCD40L were obtained from R&D
Systems (catalogue no. 1163-CL/CF). One hundred microliters (~2 X 10°)
of agarose Ni-NTA beads (QIAGEN) were washed twice with 1 ml of cold
PBS and incubated with 20 pg of sSCD40L in a final volume of 500 pl PBS at
room temperature for 1 h on a rotor mixer. Unbound CD40L was removed
by washing three times with 1 ml of PBS before being used.

Coculture of BMDCs with CD40L beads

Resting DCs or LPS-DCs were cocultured with Ni-NTA agarose beads with or
without CD40L (at a ratio of ~3:1 DC:bead), in 96-well round-bottom plates
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for 48 h in the presence or absence of various cytokines. Culture supernatant
(CSN) from these coculture assays were tested for the presence of cytokines.

In vivo model of sepsis for measuring IL-12 and IL-2 secretion from
wild type or CD40L™"" mice

Mice were injected i.v. with 100 pl saline containing 10 pg SEA. Six hours
later, blood was collected through intracardiac puncture. The serum cytokines
were measured using a multiplex assay.

Coculture of BMDCs with T cells

1 X 10 sort-purified or bead-depleted CD4" naive or Ag-activated 5C.C7
T cells were incubated with 2 X 10* of BMDCs with or without 0.1 pM
MCC peptide 88-103 in 96-well U-bottom plates for 48 h. The CSN was
used for measuring the cytokines. Cytokine kinetics was done in a 24-well
plate with the final volume of 2 ml. At various time points, 100 pl of CSN
was removed without addition of fresh medium.

Cyrokine measurements

The concentrations of IL-12 in the cell-free medium were determined using an
ELISA Kit from R&D Systems (Quantikine). In addition, IL-12 and IL-23 in
the CSN were detected using Multiplex Cytokine Array (SearchLight).

Determining CD40L expression on T cells

Naive or activated T cells were stained with anti-mouse TCR, CD4, CD44,
CDG62L, and CD40L (SouthernBiotech). The mean fluorescence intensity
(MFI) of CD40L on live (JAAD™8) TCRB*, CD4" naive (CD62L"CD44"),
and activated (CD62L1°CD44h') T cells was used to calculate the average
number of CD40L molecules per cell. A standard curve was generated using
FITC standard beads (Quantum FITC-5; Bangs Laboratories) that were
coated with defined numbers of FITC molecules on the surface. The ratio of
FITC to labeled Ab was used to convert the number of FITC molecules to the
number of Ab molecules bound on the surface of naive and activated T cells.

Confocal microscopy

Agarose beads*’~ histidine-tagged CD40L were stained with anti-mouse
CD40L-PE (BD Pharmingen), and images of agarose beads were acquired

with a confocal microscope using a 20X objective lens.

Time-lapse video microscopy

Images were acquired using time-lapse microscopy for 20 h. The images were
collected on a LAS X Widefield Microscope System.

Scanning electron microscopy

Briefly, agarose beads with adherent cells were fixed and processed as

described (16).

Lipid bilayer containing CD40L coupled to silicalglass beads

Silica beads supporting DGS-NTA(Ni)/DOPC bilayers were prepared as
described (17). Ni-NTA liposomes were mixed with silica beads (5 um) after
washing; they were incubated with various concentrations of soluble histidine-
tagged CD40L. The number of CD40L molecules on the beads was calcu-
lated as described (17).

TIRF microscopy

Supported planar lipid bilayers were prepared on cover glass as described (18).
Histidine-tagged ligands (MHC class II I-EX-T102S, ICAM-1, and CD80)
were loaded onto each supported bilayer using Ni-NTA lipids in the flow
chamber system. The flow chamber system was then brought to 37°C and
1 X 10° naive or Ag-activated T cells were injected into the chamber along
with Alexa Fluor 647 conjugated 6xHis CD40 (sCD40) and T cells were
imaged as described (17).

Statistical analysis

Statistical analyses, Student # test, ANOVA, and linear regression were per-
formed using Prism and JMP software.

Results and Discussion
Naive T cells do not induce IL-12 from LPS-DCs

We have previously shown that Ag-activated, but not naive
CD4" T cells, can induce IL-12 secretion from LPS-DCs
(44 independent experiments) (6). To investigate whether
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the inability of naive T cells to induce IL-12 from LPS-DCs
reflected a kinetic delay, we cocultured naive T cells obtained
from 5C.C7-1 RAG2™"" transgenic mice with LPS-DCs and
measured IL-12 in the CSN at different time points. Al-
though Ag-activated T cells rapidly induced IL-12 production
from LPS-DCs, reaching a maximum at 12 h (Fig. 1A),
continuous coculture of naive T cells with LPS-DCs for 4 d
did not result in IL-12 production (Fig. 1A).

These findings are in agreement with human CD4" T cells
with a memory, but not naive phenotype (7). Furthermore,
this is not specific to naive CD4" T cells, as freshly isolated
mouse splenic CD8" T cells are unable to induce IL-12
production from CD8a" DCs (19).

To confirm that LPS-DCs remained viable during their
coculture with naive T cells, we measured the concentration
of p40 subunit of IL-12 in the same CSN, which is secreted
from DCs in response to damage-/pathogen-associated mo-
lecular patterns (20). Fig. 1B shows that naive T cells, but not
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Ag-activated T cells, induced p40, demonstrating that LPS-DCs
were viable and able to secrete p40, but not the heterodimeric
IL-12. The significance of the increased p40 production from
LPS-DCs cocultured with naive T cells remains to be deter-
mined. Additionally, we measured IL-2 in the same CSN to
confirm that the naive T cells were also viable (Fig. 1C).
These results are at odds with the prevailing model of Tyl
immune response, which emphasizes that interaction between
naive T cells and DCs leads to IL-12 production. This poses
an important conceptual question: how could IL-12 be the
instigator of cell-mediated immunity to microbial pathogens
if its induction is dependent on the prior presence of IFN-y
or activated T cells?

A possible explanation for the observed differences between
naive and Ag-activated is, perhaps, the following: 1) surface
molecule(s) preferentially expressed by Ag-activated, but not
naive, T cells might be involved in IL-12 production; 2) these
cells might differ in secretion of cytokine(s) that are conducive
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mice were preactivated with 200 ng/ml LPS for 22 h

after being washed and cocultured at 1 X 10° cells per well with 5 X 10° cells per well naive or Ag-activated 5C.C7-1 RAG2™'~ T cells in the presence of 0.1 pm
MCC in 24-well plates. CSN collected at various time points (without addition of fresh medium to the cells) were tested for the presence of IL-12 using cytokine
array. These data are expressed as the mean £ SD of two independent experiments of single well. (B) Same conditions as (A), except the p40 subunit was
measured in the CSN. (C) Same conditions as (A), except IL-2 was measured in the CSN. (D) Naive or Ag-activated T cells were stained with 1 pg of anti-
CD40L and were analyzed using flow cytometry. (E) Standard curve generated using FITC standard beads with a previously determined number of FITC
molecules on the surface of the beads. (F) Same conditions as (D), except naive or Ag-activated T cells were stained with various concentrations of anti-CD40L/
FITC. The MFI of labeled cells was converted to the average number of FITC molecules per cell from a standard curve generated using FITC standard beads (E)
representative of two independent experiments, single replicate. (G) A total of 1 X 10° naive or Ag-activated T cells along with Alexa Fluor 647 conjugated 6xHis
CD40 (sCD40) were injected into the flow chamber systems (FCS2) that were loaded with MHC class I I-EX-T102S, ICAM-1, and CD80 into Ni-NTA lipid—
supported bilayer at 37°C. T cells were imaged for 30 min after stable synapse formation on the supported bilayer. Scale bar, 2 pum. (H) Same as (G), the average
fluorescence intensities of naive and Ag-activated T cells determined by normalizing the images to the background to calculate the fold accumulation of CD40.
Although the mean difference between naive and Ag-activated cells (H) was statistically significant, determined by Student ¢ test. The magnitude of the difference
between naive and Ag-activated T cells was quite small, and the statistical significance is entirely driven by the large sample sizes. Representative of two inde-
pendent experiments of single replicate.
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for IL-12 production; and 3) a combination of both. To dissect
these possibilities, we started with CD40L, which has shown to
play an important role in IL-12 production during the DC/
T cell cross-talk (21). Previous studies have suggested that
naive T cells do not express sufficient levels of CD40L (7, 12).
Therefore, from the above data, we deduced that perhaps the
inability of naive T cells to stimulate IL-12 production from
LPS-DCs might be due to lower levels of CD40L expression.
We took a quantitative approach to examine the expression of
CD40L on naive and Ag-activated T cells by using flow
cytometry (Fig. 1D). We used the MFI of beads with known
number of FITC molecules to create a standard curve
(Fig. 1E). This curve was used to calculate the number of
CD40L molecules on T cells based on MFI of naive and Ag-
activated T cells stained with anti-CD40L/FITC. Fig. 1F shows
that Ag-activated T cells expressed 3-fold (~600-900) more
CD40L molecules per cell than naive T cells (~200-300).

A 3-fold difference in cell surface expression of CD40L
between naive and Ag-activated T cells is unlikely to explain
the difference in IL-12 production from LPS-DCs. However,
the distribution of CD40L on the surface of T cells has not
been systematically investigated. We hypothesized that perhaps
this may lead to difference in the distribution of CD40L in
naive and Ag-activated T cells. We used TIRF microscopy of
T cells interacting with supported lipid bilayers containing
MHC-peptide Ag, CD80, ICAM-1, and used sCD40 protein
as a probe for CD40L. Fig. 1G and 1H (quantification of the
imaging data) shows that there are no major differences in
distribution of CD40L and in CD40 accumulation by naive
and Ag-activated T cells. To our knowledge, this is the first
reported distribution of CD40L in microclusters when en-
gaged with sCD40. Collectively, these data suggest that prior
activation of T cells is an essential step for induction of IL-12
from DCs and the mere expression of CD40L on T cells is
not sufficient to explain the differences between the naive and
Ag-activated T cells.

CD40L™"" mice do not produce IL-12 in response to superantigen

Thus, to better understand the role of CD40L/CD40 inter-
action and IL-12 production in vivo, we crossed 5C.C7-1
RAG2™ '~ transgenic mice with CD40L-deficient mice. We
challenged these mice with the SEA and measured IL-12
production in their sera. We found a significant reduction
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in serum IL-12 in CD40L™'" mice in comparison with wild
type (WT) (Fig. 2A). Additionally, we measured IL-2 in the
same sera to determine T cell activation and found no sig-
nificant difference in IL-2 levels between CD40L ™'~ and W'T
mice (Fig. 2B).

To define the specific requirements for IL-12 production at
the cellular levels, we examined the ability of purified Ag-
activated T cells from CD40L™'" and WT mice to induce
IL-12 production from DCs in vitro. Fig. 2C shows that only
WT, but not CD40L "'~ T cells cocultured with LPS-DCs
induced high levels of IL-12 production. To rule out the
possibility that CD40L ™'~ T cells were defective in produc-
ing those cytokines (IL-4, GM-CSF, and IFN-y) normally
secreted by WT T cells (Supplemental Fig. 1), which have
been shown to stimulate IL-12 production from DCs, in
particular IL-4 (22, 23), we added these cytokines to the
coculture of CD40L ™' T cells with LPS-DCs to determine
if they could reconstitute IL-12 production by DCs. Fig. 2C
shows that in the absence of CD40L, combination of cyto-
kines was not sufficient to induce IL-12 production. These
data suggest that CD40/CD40L signaling is critical and cy-
tokines cannot replace it. Thus, we decided to take a reduc-
tionist approach by addressing the role of CD40L presented
on noncellular substrates to specifically define the require-
ments for induction of DC-derived IL-12 in the absence of
any other confounding molecules.

LPS-DCs bind beads coated with sCD40L

Cells transfected with CD40L are commonly used to deliver
signals to CD40-bearing cells. To prevent the possibility that
CD40L-expressing cells might contribute to DCs activation by
the expression of other immunostimulating molecules either as
secreted product(s) or cell surface—associated molecules, we
used a simple cell-free approach to deliver CD40L to CD40-
expressing DCs. To test this, we used nickel agarose resins
(Ni-NTA) that were coupled with sCD40L. We confirmed
the immobilization of sCD40L to the beads by visualizing it
using a confocal microscope after staining with anti-CD40L
(Supplemental Fig. 2A, 2B).

Next, we examined the ability of LPS-DCs to bind CD40L
beads. We visualized this binding using confocal microscope.
Supplemental Fig. 2C shows that CD40 engagement with
CDA40L alone is strong enough to facilitate formation of stable
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FIGURE 2. Weak IL-12 response to superantigen in CD40L-deficient mice. (A) Serum IL-12 heterodimer from 5C.C7-1 RAG2™'™ (WT) (7= 14) or 5C.C7-1
RAG2™/"CD40L™"" (n = 26) mice 6 h after i.v. injection with 10 pg SEA, or saline, as indicated. ***p < 0.001. (B) Same conditions as (A), except that serum
IL-2 was measured. Student ¢ tests were computed between WT and CD40L™'~ groups for both IL-12 and IL-2. (C) BMDCs from B10.A-RAG2™'™ mice were
preactivated with 200 ng/ml LPS for 21 h, then washed and adjusted to 2 X 10% cells per well prior to coculture with 1 X 10° cells per well 5C.C7-1 RAG2 ™
Ag-activated (WT) or CD40L ™™ T cells plus 0.1 wm MCC in the presence or absence of cytokines at 100 ng/ml for 48 h in 96-well plates. CSN were tested for

the presence of IL-12. These data are expressed as the mean = SD in triplicate wells representative of two independent experiments.
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conjugates between beads and LPS-DCs. Furthermore, a single
DC (stained for CD11c" cells) extended multiple processes
that facilitated their binding simultaneously to more than
one bead, mediating formation of bead/DC bead conjugates
(Supplemental Fig. 2D, 2E). This binding was confirmed
by scanning electron microscopy (Supplemental Fig. 2F). In
addition, we used time-lapse microscopy to visualize inter-
action of LPS-DCs in the presence/absence of CD40L.
Supplemental Videos 1 and 2 demonstrates that bead-
adhering DCs move cellular extensions toward other
CD40L beads, leading to the formation of bead DC/bead
DC aggregates. Supplemental Fig. 2G shows the number
of LPS-DCs bound to these beads.

Combination of CD40L beads and IL-4 induce IL-12 production
by LPS-DCs

Next, we asked if this cell-free system (CD40L beads) could be used
to deliver biological signals to DCs and induce IL-12 production.
Fig. 3A and 3B demonstrate that IL-12 can be detected in the
CSN after 48-h coculture of LPS-DCs (but not unactivated DCs)
with CD40L bead only in the presence of IL-4, but not that of
IFN-y, and this response was dose dependent (Fig. 3C).

The stoichiometry of binding and signaling of the CD40/
CDA40L remain largely undefined. To investigate the effect of
CD40L surface density, we adopted a quantitative system by using
supported lipid bilayers (lipids with Ni-NTA head groups) formed
on 5-pwm—diameter silica beads. We incubated LPS-DCs with
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lipid-coated silica beads containing various number of CD40L
molecules in the presence of constant level of IL-4. We found
that CD40L alone, even at high concentrations, ~1000
molecules/pm?, did not have any effect on IL-12 produc-
tion from LPS-DCs (Fig. 3D). However, when combined
with IL-4, beads containing a minimum of ~200 molecules
of CD40L/pum?” was sufficient to induce IL-12 production
by LPS-DCs (Fig. 3D). The requirement for IL-4 was
specific to IL-12, because no differences in TNF-a or IL- 6
production was observed in the same CSN (Fig. 3E, 3F).
Next, we asked if DCs need similar requirements for IL-23
production. We stimulated unactivated DCs or LPS-DCs with
CD40L beads in the presence or absence of IL-4 and measured
IL-23 and IL-12 in the same CSN after 48 h. Unexpectedly,
CD40L alone was sufficient to induce high levels of IL-23
production by LPS-DCs and showed inverse correlation
with IL-12 (Fig. 3G). Unlike IL-12, IL-4 reduced IL-23
production from LPS-DCs by ~3-fold (Fig. 3G). Collec-
tively, these data suggest that DCs have different requirements
for IL-12 and IL-23 production and CD40/CD40L interac-
tions differentially regulate these heterodimeric cytokines.
The prevailing view is that IL-4 inhibits, rather than
inducing, IL-12 production. Therefore, why should IL-4-
producing T2 cells (albeit expressing CD40L and secrete
IL-4) induce IL-12 production from DCs? We have previ-
ously shown that, because of the high levels of IL-10 secreted
by T2 cells (pushed to the extreme), which is known to be a
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FIGURE 3. Stimulation of DCs with CD40L beads. (A) BMDCs (unactivated) from BlO.A—RagZﬁF mice were cocultured at 2 X 10% cells per well plus 50 pl
of Ni-NTA agarose beads (~3000 beads/well), which were either coated with ~15 wg/ml sCD40L (CD40L+beads), or not (beads alone), in the presence or
absence of cytokines at 100 ng/ml for 48 h in a 96-well U-bottom plate. CSN was tested for the presence of IL-12 using ELISA. (B) Same conditions as (A),
except DCs were preactivated with 200 ng/ml LPS for 22 h, then washed and cocultured with beads alone or beads coated with CD40L. All pairwise comparisons
were made using two-way ANOVA with Tukey post hoc tests of two independent experiments of duplicate wells. (C) Same condition as (B); LPS-DCs cocultured
with serially diluted CD40L-beads (~15 pg/ml) in the presence of constant (100 ng/ml) level of IL-4 for 48 h. CSN was tested for the presence of IL-12. Symbols
and whiskers represent mean = SD of triplicates, whereas line represents linear regression. (D) Same as (B); LPS-DCs cocultured with glass-supported Ni-NTA
lipid bilayer beads that had been coated with the indicated number of histidine-tagged CD40L molecules in the presence or absence of IL-4 at 100 ng/ml for 48 h.
CSN was tested for the presence of IL-12 heterodimer using ELISA and cytokine array. These data are expressed as the mean £ SD triplicate wells, representing
two independent experiments. (E and F) Same conditions as (D), except CSN were tested for the presence of TNF-a and IL-6. (G) Same conditions as (A) and
(B), except that IL-12 and IL-23 were measured in parallel. The impact of IL-4 on CD40L-induced IL-23 production by LPS-DC (a decrease) was compared with
that of IL-4 on CD40L-induced IL-12 production by LPS-DC (an increase). The significance of this difference from a larger decrease in IL-23 to slightly smaller
increase in IL-12 was analyzed with three-way ANOVA and a custom contrast to compare a difference of differences between the IL-12 increase and the IL-23
decrease using JMP software of two independent experiments of duplicate wells.
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potent inhibitor of IL-12 (24), T2 cells cannot induce IL-12
production from DCs (6). However, when IL-10 was spe-
cifically removed from the CSN of T2 cells, then the same
CSN was conducive for IL-12 production (6). Furthermore,
Ag-activated T cells that are used in this study (not pushed to
the extreme) make both Ty1 and T2 cytokines and are able
to induce IL-12 production from LPS-DCs (Supplemental
Fig. 1). Interestingly, addition of IL-4 to the coculture of
naive T cells with LPS-DCs resulted in IL-12 production
(Supplemental Fig. 3), which is consistent with previous ob-
servations (25). Thus, the complexity of cytokine milieu
(positive/negative feedback) and perhaps the plasticity asso-
ciated with T cells during their interaction with DCs plays a
critical role in influencing the effector class of immune re-
sponses. We propose that the initiation of IFN-y response is
like IL-4: it takes small amount of cytokine to jump-start
more cytokine; one difference between IL-4 and of IFN-y is
that IL-12 comes later to amplify the response.

In summary, in addition to CD40L and TCR/MHC-
peptide Ag signals, Ag-activated T cells must also provide
IL-4 during their cognate interaction with Ag-bearing DC
to license DCs for IL-12 production (Supplemental Fig. 4).
Understanding the requirements for DC activation and
secretion of IL-12 will help in designing more specific
clinical protocols for cancer immunotherapies and vac-
cine developments.
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