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ABSTRACT

ADAM23 is a member of the brain macrophage-derived
chemokine family. Structural homology of ADAM proteins
suggests their function as integrin receptors. Previous
studies have linked ADAM23 as a dominant contributor
to brain development and cancer metastasis. The pre-
sent studies now show that ADAM23 expression on DCs
partially governs antigen-presentation capacities to re-
sponder CD4* T cells. With the use of RNAi approaches,
knockdown of ADAM23 in murine BMDCs resulted in
impaired T cell activation, proliferation, and cytokine
production. Knockdown did not alter the maturation
profile of DCs (i.e., costimulatory molecule expression
or production of proinflammatory cytokines) but mark-
edly impaired cognate T cell responses. There was a
significant decrease in antigen-specific clonal expan-
sion coupled with a global decrease in Th cytokine
production. Impaired early activation and proliferation
did not alter/skew the balance of Th polarization but
significantly depressed total levels of IL-2, IFN-v, IL-4,
and IL-17 cytokine production in CD4* T cells primed by
ADAM23 knockdown versus control DCs. Finally, neutral-
izing antibodies targeting the a(v)p(3) integrin receptors
resulted in similar phenotypes of impaired CD4* T cell
responses. Taken together, these studies show a

novel role of ADAM23 in governing DC antigen pre-
sentation to cognate CD4* T cells. J. Leukoc. Biol.

100: 855-864; 2016.

Introduction

The ADAM gene family is a cluster of transmembrane proteins

that contain both integrin receptor-binding and metalloprotease
domains [1, 2]. Found in vertebrates, the ADAM family member
of proteins has myriad functions that include modulation of

Abbreviations: Ab/anti- = antibody against, ADAM = a disintegrin and
metalloprotease, BMDC = bone marrow-derived dendritic cell, DC =
dendritic cell, FACS = PBS supplemented with 2.5% FBS and EDTA, Foxp3 =
forkhead box p3, mMDC = mature dendritic cell, OT-Il = OVA-transgenic MHC
class I, p = phosphorylation, RNAi = RNA interference, si = small interfering,
siControl = scrambled small interfering RNA, WT = wild-type
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embryonic development, cell migration, neuronal processes, and
inflammatory responses [1, 3-5]. Uniquely, ADAMZ23 has an
inactive metalloprotease domain; the integrin receptor-binding
disintegrin domain is functional. This would suggest that
ADAM23 functions as a receptor for cell-surface integrins [2, 6].
ADAM?23 is expressed predominately as a membrane-bound
receptor that localizes to sites of intercellular contact [6].
Particularly, Cal et al. [7] showed that ADAM23 interacted
(through specific binding of the disintegrin domain) with the
a(v)B(3) integrin. Studies have further reported that ADAM23
plays an important role in CNS processes [6, 8], with loss in
function leading to tremors and epileptic episodes [9]. Addi-
tionally, deregulation of ADAMZ23 expression and/or function
has been shown to be involved in cancer and tumor metastasis
events [10-12].

The a(v)B(3) integrin (also known as the vitronectin
receptor [13]) is a heterodimer of a(v) /CD51 and (3) /CD61
subunits [13-15]. Sequences show strong homology for key
molecules associated with cell-cell adhesion and signaling
activities, which include the LFA-1 and macrophage antigen 1
[13, 16, 17]. The transmembrane proteins have cytoplasmic
regions that connect to the actin cytoskeleton. The hetero-
dimer shows wide tissue expression, notably in endothelial
cells, osteoclasts, and activated T cells and has been widely
associated with cell adhesion and migration. Although a(v)3(3) is
not expressed on naive T cells, reports have shown that
phorbol ester mitogen can increase expression of the integrin
[18]. Roberts et al. [19] have further shown that the a(v)B(3)
receptor can serve as a costimulatory molecule in the
activation of y3-T cells, particularly in induction of IL-4
cytokine production. During T cell activation events, in-
tracellular signaling activities trigger conformational changes
that allow exposure of the cognate ligand-binding site, which
ADAM?23 has been shown to engage [20]. Cayrol et al. [14]
further showed that engagement of a(v)3(3) integrins as
cognate ligands induces T cell lymphoma proliferation,
suggesting a direct role of ADAM23 engagement with T cells in
promotion of clonal expansion. Luzina et al. [21] has also
shown that a(v)B(3) in T cells (during pulmonary infections)
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is required for lymphocytic infiltration and that neutralizing

antibodies [to the a(v) region] largely attenuated these
effector functions.

DCs are professional APCs responsible for initiating adaptive
immune responses [22]. DCs present antigen peptides on the
surface of MHC molecules to antigen-specific cognate responder
T cells through the TCR [22]. Correct recognition and
engagement of the TCR to the peptide presented in the context
of MHC class molecules drive T cell activation, proliferation, and
polarization [23]. In addition to peptide-MHC, additional
receptor-ligand interactions serve in costimulatory and adhesion
capacities that support intracellular behavioral and gene-
expression changes [23-25]. Importantly, combinations of these
costimulatory and adhesion interactions occurring at the DC-T
cell contact plane, known as the immunological synapse, are
required to relay stably intercellular communication and pro-
mote sustained signaling events required for full T cell effector
functions [24, 26].

In this study, the functional role of ADAM23 in DCs is
characterized using RNAi approaches. Read-out indices reveal
that antigen-specific responder CD4" T cells had impaired
activation, proliferation, and production of cytokines upon
priming by ADAM23 knockdown DC. Corroborative studies
determined that disrupting interactions between ADAM23 on
DCs and a(v)B(8) on T cells also ablated these responses.
Collectively, the studies show a novel role of ADAM23
engagement with a(v)3(3) as a costimulatory mechanism for
driving T cell activation, proliferation, and cytokine
production.

MATERIALS AND METHODS
Animals

All animal procedures were performed in accordance and approved by the

Institutional Animal Care and Use Committee. All mice were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). Mice were housed in specific
pathogen-free facilities at Howard University (Washington, DC, USA).
C57BL/6 (WT) mice between 8 and 12 wk of age were used to harvest femur
and tibia bones to generate BMDCs. OT-II mice between 6 and 10 wk of age
were used to harvest naive CD4" OVA-responsive T cells isolated from spleen
and lymph nodes. For MLR assays, CD4" T cells were isolated from the NOD
mouse on the g7 haplotype.

Generation of BMDCs and isolation of CD4"* T cells

BMDCs were generated, as described, by a modified protocol of Inaba et al.
[27]. In brief, cells from murine tibias and femurs were passed through a
70 w nylon mesh to remove debris. Next, 2 X 10° cells were plated in 6-well
plates containing IMDM (Thermo Fisher Scientific, Waltham, MA, USA),
supplemented with 10% FBS (Thermo Fisher Scientific), 2 mM 1-glutamine
(Thermo Fisher Scientific), 100 U/ml penicillin/streptomycin (Thermo
Fisher Scientific), and 150 U/ml GM-CSF. Fresh complete medium was
replenished on d 3 of the culture. On d 6, cells were stimulated with

250 ng/ml LPS (or other TLR agonists) for an additional 24 h to induce
maturation. On d 7, mDCs were used to prime naive CD4" OT-II T cells or
assess immunophenotype. For isolation of CD4" T cells, negative selection
using BioMag (Qiagen, Hilden, Germany) goat anti-rat IgG magnetic
microbeads and primary antibodies to CD8 and MHC class II (BioLegend,
San Diego, CA, USA) was used to deplete cytotoxic T cells and APCs

(i.e., DCs, macrophages, and B cells). The approach yielded 93% * 4.3
purity of CD4" T cells.
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Antibodies and other reagents

ADAM23 antibody clones H-65 (Santa Cruz Biotechnology, Dallas, TX,
USA), ab101638 (Abcam, Cambridge, MA, USA), and BS-5853R (Bioss,
Woburn, MA, USA) were used. Rabbit IgG isotype antibodies (Thermo
Fisher Scientific) served as controls. For flow cytometric analysis,
fluorochrome-labeled antibodies to MHC class 1 (HQDb), MHC class II
(I-A/E), CD40, CD54, CD80 (B7.1), CD83, and CD86 (B7.2) were used to
evaluate surface expression of maturation markers on DCs; all antibodies
were purchased from BioLegend. For T cell profile analyses, fluorochrome-
labeled antibodies to CD4, CD8, CD25, CD69, IFN-y, IL-4, IL-17, IL-10,
T-bet, Foxp3, and GATA-3 were used; all antibodies were purchased from
BioLegend and BD Biosciences (San Jose, CA, USA). For p-antibodies,
p-Syk (Cell Signaling Technology, Danvers, MA, USA), p-tyrosine (Cell
Signaling Technology), p38 MAPK (ECM Biosciences, Versailles, KY, USA),
and p-ERKI were used; all antibodies were purchased from Cell Signaling
Technology. Additionally, Syk, ERK, and p38a (ECM Biosciences) were
used (as internal loading controls). Antibodies to a(v) (CD51; BD
Biosciences and BioLegend) and B(3) (CD61; BD Biosciences and
BioLegend) were used to both detect or block the surface-bound molecules
on responder T cells. In all flow cytometric analyses and neutralizing
experiments, isotype antibodies were used to establish nonspecific
background staining and provide controls to neutralization.

siRNA oligonucleotides and knockdown

In brief, 2 X10° DCs on d 5 of the maturation process were transfected
with 0.5 (6.65 pg) or 1.5 (20 pg) nm of respective siRNA. Two, 21-bp
ADAM23 siRNAs were used in the studies, with the 5’ to 3’ sequences for
ADAM23-A (GCTCCACGTATCGGTCAACTT) and ADAM23-B
(AAAATCAACAGTGGTATGATG); ADAM23-B sequences were derived
from the publication by Kim et al. [28]. siControl sequences were
generated using GTGTGATAATCGACATAAGAA. In all experiments, 0.5
or 1.5 nm siControl was used comparatively with ADAM23 siRNA
oligonucleotides; unless otherwise indicated, datasets of T cell stimula-
tions used 1.5 nm. Oligonucleotides were purchased from Thermo Fisher
Scientific (Silencer Select, 20 nm with standard purification). siRNA
oligonucleotides were added with DCs in 4 mm gap electroporation
cuvettes before pulsing, using a square-wave electroporator [310 V,

10 ms, 1 pulse; ECM 830 (BTX Harvard Apparatus, Holliston MA, USA)].
Cells were next replated into fresh DC medium to continue the
differentiation processes. Knockdown efficiency was evaluated (and
quantified) by Western blot and flow cytometric analyses on d 7.

Western blot analysis

Cell lysates were prepared by incubating Nonidet P-40 cell lysis buffer
(Amresco, Solon, OH, USA) with cells for 30 min before high-speed
centrifugation. Lysates were collected and run using vertical gel electropho-
resis in 10% hand-casted gels. Protein content was transferred from gels to
nitrocellulose blots using the Pierce Power Blotter (Thermo Fisher Scientific).
GAPDH served as a loading control. For p-antibodies, total respective protein
content or GAPDH served as an internal control. After primary antibody
staining, secondary antibodies conjugated to fluorochrome were used for
visualizing protein bands on the Odyssey (Li-Cor, Lincoln, NE, USA) imaging
system. For p-tyrosine analyses, chemiluminescence was used for detection (in
addition to fluorescence measurements). Multiplex measurements were
applied using the Odyssey Fc Image Studio 4.0 software (Li-Cor) to calculate
relative intensities and generate quantitative datasets based on fluorescence
(or chemiluminescence).

Flow cytometric analysis of cell populations

Cell-surface staining was performed with FACS buffer. Single-cell suspensions
were washed with FACS buffer 2-3 times before staining with fluorochrome-
tagged antibodies. Cells were stained for 15 min at 4°C; dilutions were

antibody specific, but roughly 10 pl of 10 pg/ml working concentration was
used per 2 X 10 cells. Respective isotype controls were used in all assays. Cells
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were then fixed for 20 min with 3% paraformaldehyde in PBS. For
intracellular antibody labeling, fixed cells were permeabilized with 0.2%
saponin in PBS for 1 h. Next, primary antibodies (also diluted in 0.2% saponin
in PBS) were added at ~10 pg/ml concentrations. Likewise, respective
fluorochrome-labeled isotype controls were used in all assays. Cells were
incubated with antibodies for 1 h; for some studies, overnight incubation was
allowed to occur. Cells were then washed 4 times in 0.2% saponin in PBS. For
primary unconjugated antibodies, secondary-tagged, fluorochrome-labeled
antibodies were prepared and used to stain. These secondary antibodies were
diluted to 1:1000-1:3000 working concentrations, with ~10 wl added per 2 X
10° cells. Cells were allowed to incubate for 1 h or overnight before extensive
washing. Cells were then acquired and analyzed using BD FACSVerse or BD
Accuri C6 flow cytometric analyzers. Datasets were analyzed using FlowJo v10
(Tree Star, Ashland, OR, USA). Values in quadrants, gated areas, and/or
interval gates indicate percentages in each population; gating strategies were
established based on respective isotype controls.

ELISA

After specific time points of DG or DC-T cell incubation periods, cells were
spun down and supernatant collected. Supernatant was stored at —80°C until
use. In brief, IL-12p70 (BD Biosciences), IL-6 (BD Biosciences), IL-13
(BioLegend), TNF-a (BioLegend), IL-10 (BioLegend), IL-4 (BD Biosciences),
IL-17 (BioLegend), and IFN-y (BioLegend) were used (following manufac-
turers’ recommended protocols) to measure expression of respective
cytokines. Absorbance values were collected and quantified using the Synergy
HT (BioTek, Winnoski, VT, USA) multimode microplate reader.

T cell stimulation and CFSE dilution assays

Naive CD4" OT-II T cells were cultured with OVAsgs_3s9-pulsed DCs at a ratio
of 10:1, respectively, in vitro. Cells were harvested at the 24 h time point to
evaluate early-activation markers by flow cytometry and 24-72 h time points
for IL-2 production by ELISA. For proliferation studies, naive CD4" OT-II
T cells were labeled with 2.5 uM CFSE (Thermo Fisher Scientific) in PBS at
room temperature for 10-15 min. Cells were washed thoroughly before and
after incubation at 37°C for 1 h. Labeled T cells were then cultured with
OVA393_339-pulsed DCs for 72-96 h. Cells were evaluated for proliferation by
flow cytometric analyses. For T cell polarization studies, OVAsos_s3o-pulsed
DCs were cultured with naive OT-II CD4" T cells for 12 d. Cells were
restimulated on d 5 with respective peptide-pulsed DCs supplemented with
200 p/ml IL-2. T cells were then evaluated on d 12 by stimulation with

20 ng/ml PMA and 1 pg/ml ionomycin in the presence of 10 pg/ml
Brefeldin A for 4 h before intracellular staining and flow cytometric analysis.
For T cell polarization, cells were stimulated under the following conditions:
1) TyO: 20 ng/ml IL-2; 2) Ty1l: 20 ng/ml IL-2, 20 ng/ml IL-12p70, 5 ng/ml
IFN-y, and 10 pg/ml anti-IL-4; 3) Ty2: 20 ng/ml IL-2, 100 ng/ml 1L-4,

10 wg/ml ant-IFN-y, and 10 pg/ml anti-IL-12p70; 4) Ty17: 20 ng/ml IL-2,
5 ng/ml TGF-B, 40 ng/ml IL-6, 10 pg/ml anti-IL-4, anti-IFN-y, and anti-IL-
12p70. For T regulatory cell conditions, cells were cultured with 2 ng/ml
TGF-B and 20 ng/ml IL-2; "anti" denotes antibodies targeting molecules for
blocking/neutralizing.

In vivo T cell stimulation assays

Naive CD4" T cells were isolated from OT-II mice and stained with 5 pM
CFSE. Additionally, d 7 LPS-matured BMDCs (from C57BL/6 WT mice),
knocked down for ADAM23 or controls, were pulsed with OVAssg_gs39
peptide for 5 h in vitro at 37°C. First, 107 CFSE-labeled CD4* OT-II T cells
were intravenously injected (through tail vein in 250 pl PBS) into WT
mice. Next, 4-5 h later, 5 X 10® ADAM23 knockdown or control DCs were
injected. A control group contained CFSE-labeled CD4" T cells only (with
no addition of OVA-pulsed DCs). After 3 and 5 d, mice were euthanized.
Spleen and lymph nodes were harvested. Cells were immediately fixed,
permeabilized, and intracellular stained for CD4, IFN-y, and IL-4.
Samples were assessed by flow cytometric analyses; nonlabeled CFSE

T cells were gated out/excluded from dot plots in presented flow
cytometric datasets.
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MLR assays

Naive CD4" T cells were isolated from the NOD mouse; the model has the g7
haplotype. For proliferation assays, cells were stained with 2.5 puM CFSE. LPS-
matured WT (d 7; C57BL/6) BMDCs, knocked down for ADAM23 or control
DCs, were subsequently used to prime T cells.

Neutralization studies of a(v)(3(3) on early-activated
T cells

Neutralization studies included blocking a(v) only, B(3) only, or both a(v)
and B(3) during the T cell priming stages by DCs. Blocking antibodies were
used at 10 wg/ml targeting a(v) /CD51 and/or B(3)/CD61 (BD Biosciences
and BioLegend). Antibodies were added at an initial culture of OVA-pulsed
DCs with naive CD4" T cells and 6 h into the cell coculture; mice used were
from the WT C57BL/6 strain.

Statistical analysis

GraphPad Prism v6.0 (GraphPad Software, La Jolla, CA, USA) was used to
determine statistical significance. Student unpaired 2-tailed ¢ test was used to
evaluate the significance of 2 groups. One-way or 2-way ANOVA was used

to evaluate the significance among the means of 3 or more independent
groups. P < 0.05 was considered statistically significant; error bars for all
figures indicate SE.

RESULTS

siRNA knockdown of ADAM23 in BMDCs

DCs were generated from BMDCs harvested from WT C57BL/
6 mice. During the 7 d DC generation process, cells were
knocked down for ADAM23 on d 5 using siRNA oligonucleo-
tides at 0.5 or 1.5 nm. Next, respective groups were stimulated
with the TLR agonist LPS on d 6 (to generate mDCs). After
24 h, mDCs were harvested and evaluated for knockdown
efficiency by Western blot and flow cytometry. Western blot
analyses shows successful knockdown of ADAM23. With the
siControl group established as a 100% baseline level, 0.5 nm
siADAMZ23 reduced levels to 64%, and the 1.5 nm reduced
levels down to 31% (Fig. 1A). Studies corroborated knockdown
on a single-cell level using flow cytometric analysis. Datasets
revealed that ~40% of CD11c" DCs express ADAM23

(i.e., CD11C"ADAM23" population). Knockdown reduced the
population to 29% (for the 0.5 nm siADAMZ23) and 7.58% (for
the 1.5 nm siADAM23; Fig. 1B). That is ~80% knockdown for
the 1.5 nm. With the use of >1.5 nm siADAM23, electro-
poration into DCs did not lead to increases >80% knockdown
(Fig. 1C). Collectively, ADAM23 was able to be successfully
knocked down in DCs using RNAi approaches.

Loss of ADAM23 in DCs does not alter survival or
maturation phenotype

Given that no published study has intricately assessed ADAM23
expression in DCs, these investigations set to determine whether
ADAM23 modulates cell survival and/or a maturation profile. No
significant alteration in cell death (or survival) was observed
between the ADAM23 knockdown and control groups using cell
viability assays (data not shown). Next, studies used flow
cytometry to evaluate changes in phenotypical marker expression
of MHC class I, MHC class II, and costimulatory molecules

(i.e., CD40, CD54, CD80, CD83, and CD86; Fig. 2A). No
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Figure 1. Successful knockdown of ADAM23 in DCs using siRNA. DCs were electroporated with 0.5 or 1.5 nm siRNA oligonucleotides targeting
ADAMZ23 on d 5 of the BMDC generation into DCs. Cells were allowed to culture for an additional 2 d in the presence of GM-CSF, with LPS

maturation occurring on d 6 to generate mDCs. (A) To examine knockdown efficiency, protein lysate samples were run on SDS-PAGE gels before
blotting on nitrocellulose membranes and probed using ADAM23 antibodies. Lane 1, control oligonucleotides (siControl), transfected with 1.5 nm
nontargeting siControl; lane 2, transfected with 0.5 nm, and lane 3, with 1.5 nm siRNA targeting ADAM23. Probing for GAPDH was used as an
internal loading control. Relative expression of ADAMZ23 standardized to GAPDH was calculated and presented as a bar graph (right); data are
representation of 3 independent experiments. (B) Flow cytometric analysis was performed to evaluate expression of ADAM23 on a single-cell level
upon 0.5 and 1.5 nm ADAMZ23 siRNA knockdown. siControl was used at 1.5 nm for internal controls. Isotype controls were used to establish gating
strategies. Plots are gated on live cells, displayed as a dot plot of CD11c against ADAM23. Bar graph (right) of the percentage of CD11c'ADAM23*

subsets is shown and is a representation of 3 independent experiments. (C) Concentration-dependent knockdown of ADAM23 was determined
using untreated (control) and 0.5, 1.0, 1.5, 2.0, and 2.5 nm siRNA oligonucleotides. Flow cytometric analysis was performed; data are represented
as percent knockdown relative to untreated control. Experiments were performed in triplicate and bar graph representative of mean. **P < (.01,

#HEP < 0.001.

significant changes in expression were observed. Follow-up
studies evaluated cytokine profiles of common pro (i.e., TNFa,
IL-1B, IL-6, and IL-12p70)- and anti (i.e., IL-10)-inflammatory
cytokines by ELISA (Fig. 2B). Similar to membrane-bound
receptor analyses, no significant alteration in cytokine profiles
was detected. To evaluate the impact of ADAMZ23 by other TLR
agonists, studies treated ADAM23 knockdown versus control DC
with TLR1 (palmitoyl-3-cysteine-serine-lysine; synthetic

A

MHC class |
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triacylated lipopeptide), -2 (heatkilled Listeria monocytogenes),
-3 (polyinosinic:polycytidylic acid), -4 (LPS), -5 (flagellin from
Salmonella typhimurium), -6 (synthetic diacylated lipoprotein),

-7 (ssRNA), and -9 (CpG oligos). Although there was a dynamic
shift in production of cytokines between among TLR agonists, no
significant changes were detected when comparing ADAM23
knockdown with that of control DCs (data not shown). These
results suggest that loss of ADAM23 does not directly influence
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Figure 2. Phenotype of DCs is not altered upon
ADAM23 knockdown. mDCs (d 7) were evaluated
for changes in surface markers associated with
maturation and cytokine production. (A) Flow
cytometric analysis was used to detect surface
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the ability of DCs to express surface-bound receptors or
inflammatory cytokines.

Expression of ADAM23 in DCs governs cognate CD4"
T cell early activation, IL-2 production, and
proliferation responses

ADAM23 is a surface-bound molecule that has been shown to
engage integrins, specifically a(v)B(3) [7]. Although ADAM23
lacks a functional metalloprotease domain, these studies in-
vestigated whether the functional disintegrin (i.e., integrin
binding) domain plays a role in modulating antigen-specific

T cell responses. ADAM23 knockdown versus control (siControl-
treated) DCs was used to prime naive CD4" T cells. Studies
evaluated activation, proliferation, and IL-2 production. T cells
stimulated by ADAM23 knockdown DCs had reduced early-
activation profiles, as measured by CD69 expression, when
compared with control DCs (Fig. 3A). Control DCs resulted in
37% CD69'CD4" T cells activated, whereas the ADAM23
knockdown group resulted in reduction to 28.9% (at 0.5 nm)
and 19% (at 1.5 nm). Impaired effector responses were further
seen with markedly diminished proliferation capacities. Control
DCs promoted 66% dividing CD4" T cells, whereas the 0.5 and
1.5 nm ADAM23 knockdown DCs resulted in diminished
proliferation to 42% and 33%, respectively (Fig. 3B). This
correlated with reduced IL-2 expression; there was a reduction in
IL-2 production at 24, 48, and 72 h after normalizing equal cell
numbers between the ADAM23 knockdown and control groups
(Fig. 3C). Given the depressed ability of early activation, we next

A siControl siADAM23 0.5nm siADAM23 1.5nm 40n
16.4 373 (534 289 |[65.3 19.0 2
2o (B @@ | 2
y - ol Ly =
' %

T 2 20
= 5 )

. R : T g.,
2lae 218 [157 " 191 ||14.6 e | 819
o 2

CD69 ——» = od

B siControl siADAM23 0.5nm siADAM23 1.5nm 100+

66.0 429 338 ”

— o 804
w
F-}
=
T @ 604
+
a3
£ O 404
3 : A A i
o i\ - Vi 2 20
CFSE—» 3]
ES

C 5000 siControl ik
4500 = :

40004 =1 siADAM23 0.5nm

3500 ;

3000 ] siADAM23 1.5nm
£ 2500 .

o
=2 2000 _ns
o ns
B
1000 ns__

24 hours

48 Hours 72 hours

www jleukbio.org

0=
siControl siADAM23 siADAM23

DC expression of ADAM23 drives T cell responses

evaluated early signaling activities; studies evaluated Syk, MAPK, and
total tyrosine phosphorylation changes at the 24 h time point (of
DC-T cell priming). No significant alterations between phospho-
signaling was observed (Supplemental Fig. 1). Finally, to ensure that
impaired T cell responses were not an artifact of the OT-II system,
MLR assays were performed. In brief, CD4" T cells from the g7
haplotype were cultured with ADAM23 knockdown or control DCs
(of the MHC b background of the C576BL/6 mouse). Studies
corroboratively found reduced T cell proliferation and IL-2
production (Supplemental Fig. 2), reinforcing that ADAM23 plays
an important role in promoting T cell effector responses.

ADAM23 in DCs does not alter T cell polarization state
Given that reduced expression of ADAM23 in DCs resulted in
abrogated activation and proliferation events, the studies next
evaluated whether T cell polarization was altered/skewed. In
brief, OVAss3 gsg-pulsed ADAM23 knockdown or control DCs
were used to prime naive OT-II CD4" T cells. T cells were then
evaluated on d 10-12 for expression of IFN-y, IL-4, or IL-17 after
restimulation with PMA/ionomycin mitogen cocktail. Under
nonpolarizing (Ty0) conditions, there was not a significant
change in production of IL-4, IFN-y, or IL-17 (Fig. 4). However,
there was impaired production of Ty-associated cytokines when
stimulated under polarizing conditions. Under Ty1 conditions,
IFN-y production was reduced from 52.9 to 28.7% and under T2
conditions, IL-4 was restrained from 8.9 to 6.0% (Fig. 4A). The
IFN-y production correlated directly with intracellular T-bet
expression profiles; depressed T-bet expression in T cells was

Figure 3. Loss of ADAM23 expression in DCs
impairs antigen-specific T cell proliferation and

wan

S IL-2 production. ADAM23 knockdown (at 0.5 or

1.5 nm) or siControl-treated DCs (at 1.5 nm)
were pulsed with OVAges_s39 peptides before
culture with cognate OT-II naive CD4" T cells.
(A) After 24 h, cells were collected and analyzed
for CD69 expression by flow cytometric analyses.
Bar graph depicts the percentage of CD69 in
CD4" T cells in 3 independent experiments. (B)
Proliferation is measured using CFSE dilution

it

ax assays by flow cytometric analyses. T cells were

prelabeled with 2.5 wm CFSE before culturing
with ADAM23 knockdown or control (siControl)
OVA-pulsed DCs. After 72 h, cells were collected
and analyzed for proliferation. Each peak repre-
sents a single round of cell division. Dashed lines
represent unstimulated CFSE-labeled T cells as
nondividing control. Filled histograms are CFSE-
labeled T cells primed by respective siControl or
siADAM23-treated DC populations. Bar graph
depicts percentage of proliferating CD4" T cells
in 3 independent experiments. (C) IL-2 ELISA
was performed on supernatants harvested at 24,
48, and 72 h of the DC-T cell culture per the
manufacturer’s recommended protocols. Total
cell numbers were normalized to yield an equal
number of cells before stimulation by ADAM23
knockdown versus control DCs; the concentration
of IL-2 represents 3 independent experiments
normalized to equal cell numbers. *P < 0.05,
P < 0.01, ¥ P < 0.001.
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observed when primed by ADAM23 knockdown DCs under Tyl
stimulatory conditions (data not shown). Likewise, under Ty17
stimulatory conditions, IL-17 production was largely reduced in
T cells primed by ADAM23 knockdown DCs (Fig. 4B). Finally, the
studies found, especially under the Tyl polarizing conditions,
reduced CD25"Foxp3™ subsets; overall, there was a greater
reduction of CD25"-activated CD25" T cells, as opposed to their
conversion to CD25Foxp3" T regulatory cell subsets (Fig. 4C).
These results reflect an observed, decreased CD69 activation
marker in early T cell priming events, whereby T cells primed by
ADAM23 knockdown DCs had restrained activation profiles.

ADAM23 expression in splenic CD11c¢* DC populations
To corroborate evaluation of BMDC expression of ADAMZ23, the
studies next evaluated endogenous ADAM23 expression in
splenic-derived DC subsets. Total splenocytes were harvested
from WT mice. Subsets were stained and assessed for ADAM23
coexpression with CD11c, CD8, 33D1, and/or CD4. Predomi-
nately, CD11¢"CD8a"33D1" populations expressed the most

860 Journal of Leukocyte Biology Volume 100, November 2016

ADAM?23 (34.3%), with the CD11c¢"CD8a 33D1" population
expressing modest amounts (16.7%; Fig. 5A). There was also strong
correlative expression of ADAM23 in the CD11c¢'CD4 33D1~
(52.5%) and CD11c"'CD4"33D1" (27.9%) populations (Fig. 5B). No
ADAM?23 was detected in the CD11c”CD8a" or CD11c” CD4"

populations. Collectively, ADAM23 is most expressed in
CD11c'CD8a*CD4~33D1™ DC populations.

Impairment of T cell responses upon priming by
ADAM23 knockdown DCs in vivo

Adoptive transfer studies were performed to characterize the in
vivo relevance of ADAM23 antigen-presentation capacity to
responder T cells. In brief, CFSE-labeled OT-II CD4" T cells were
injected into a WT mice along with OVAges_ssgo-pulsed control or
ADAM23 knockdown DCs; T cells injected alone served as
internal controls (T cells only). After 3-5 d, mice were
euthanized to harvest spleen and lymph nodes. Cells were then
collected and assessed for proliferation and IFN-y versus IL-4
production. Similar to the in vitro datasets, T cells primed by
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Figure 5. ADAM23 expression in splenic
CD11c" DC populations. Splenocytes were
harvested from WT mice. Cells were stained

for CD11c, CD8«a, CD4, 33D1, and ADAM23
antibodies. (A) Splenocytes were gated to
define CD11¢"CD8a:~, CD11c¢"CD8a", or

CD11c CD8a" populations and assessed for
expression of ADAM23 versus 33D1. (B) Cells

were gated on CD11¢'CD4 ™, CD11c"CD4", or
0.21 CD11lc” CD4" and assessed for ADAM23 versus
33D1. Data are representative of 3 indepen-
dent experiments; isotype controls were used

to establish gating strategies of all dot plots
presented. SSC, Side-scatter; FSC, forward-
scatter.
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ADAM23 knockdown DCs had restrained proliferation capacity,
coupled with depressed total levels of IFN-y and IL-4 production
(Fig. 6). These studies reinforce that ADAM23 knockdown DCs
have an impaired ability to prime T cell responses, leading to
restrained proliferation and acquisition of effector functions.

Neutralization of o(v)f3(3) impairs T cell activation
and proliferation

Although ADAM23 loss impaired T cell effector responses, it
remained to be seen whether blocking a(v)B(3) on T cells
resulted in similar fates. a(v)(8) is not expressed on naive
splenic- and lymph node-derived CD4" T cells (Fig. 7A) [29].
However, stimulation of naive T cells with anti-CD3/CD28
microbeads resulted in increased o (v)/CD51 and $(3)/CD61
surface expression (Fig. 7B). Studies found that only activated
subsets, identified by CD4'CD25" cell populations, were able to
up-regulate a(v) and B(3) expression. Approximately 42% * 5.3
a(v)B(8)-positive subsets were found in the CD4*CD25" cells
(from either Foxp3" or Foxp3~ populations; Fig. 7B). The
nonstimulated group had very few CD25"-activated subsets; this
was the small frequency of naturally activated T cells found in the
mouse. However, stimulation of naive CD4" T cells in presence
of TGF-B resulted in decreased a(v)3(3) expression in the

CD25'Foxp3" cohort, depressing levels from 44% without TGF-B
to 23% in the presence of the cytokine (Fig. 7B).

To evaluate further the important role of ADAM23—a.(v)[3(3)
engagement in governing T cell responses, studies next used
neutralizing antibodies to block a(v) and/or $(3). In brief, DCs
pulsed with OVAsgs_ss9 peptide were used to prime naive CD4"
T cells in the presence of neutralizing antibodies. Isotype
antibodies were used as internal controls. Similar to studies using
ADAMZ23 knockdown in DCs, neutralization of a(v) and/or (3)
resulted in reduced proliferation by ~15% for a(v) and 30% for
B(3) (Fig. 8A). There was concomitant lower IL-2 production,
with an average decrease of 33% compared with isotype controls
(Fig. 8B). These results support the ADAM23 knockdown studies
in DCs, suggesting that ADAM23 engagement with a(v)B(3) is
partly responsible for governing T cell responses.

DISCUSSION

Although ADAM23 does not directly modulate expression of
known MHC, costimulatory, or secreted molecules in DCs, this

study demonstrated that the protein governs cognate antigen-
specific T cell responses. In particular, disruption of ADAM23 or
a(v)B(3) interactions resulted in reduced activation events,

T cells-only siControl + Ag siADAM23 + Ag 100 e Figure 6. Adoptive transfer of ADAM23 knock-
0.68 7.28 ||75.2 13.4 ||47.6 1.7 5 E 80 - down DCs results in impaired T cell response in
: | ® '+‘ - vivo. OT-II CD4" T cells were harvested and
. S . il g uz’:' ﬁ labeled with CFSE before intravenous injection
T RPN S, = ”_ e into a WT mouse. Subsequently, ADAM23 knock-
A -_ T B & & ué 10 down or control mDCs pulsed with OVAges 339
£ 12_3?‘,;.____:,":' 798 .|l68a |as0 |loze 14° ] g | omms, | | - peptide were injected into the same WT mouse.
m— » 20 ns The CFSE-labeled, T cell-only group served as
0.68 o 6.21 (|11.2 399 (1 . 134, B " internal controls. After 3-5 d, mice were eutha-
L Z,,r:—f L nized, and spleen and lymph nodes were col-
Rl ST 10 lected. Cells were stained for IFN-y, IL-4, and
T il . - . “_ g z g CD4 before flow cytometric analysis. Isotype
g T : gy controls were used to establish gating strategies.
a2z .0 1809 (717 135 (146.1 <Bf © 0 All CD4"CFSE" cells were gated and displayed in

Fo ] p—

Tcells siControl siADAM23

the dot plot; nonlabeled CFSE subsets were

excluded (by gating out). (Upper) Dot plots show CFSE versus IFN-y expression in T cells from the following groups: T cells only (i.e., no antigen-
bearing DC added), control DC (siControl) pulsed with antigen, and ADAM23 knockdown DC (siADAM23) pulsed with antigen. (Lower) CFSE
versus IL-4. Bar graphs represent that of quadruplicates per group; the study is representative of 2 independent experiments. **P < 0.01.
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Figure 7. Expression of a(v) and 3(3) on
activated T cells. Splenocytes or lymphocytes
were harvested from naive WT mice. (A) Isolated
lymph node- or spleen-derived cells were stained
with CD4 and «(v)/CD51 or (3)/CD61 anti- B
bodies before flow cytometric analysis. (B)
Spleen-derived cells were stimulated with anti-
CD3/CD28 for 24 h in the presence or absence
of TGF-B. Cells were then stained with antibodies
to CD25, Foxp3, and CD4, along with a(v) or
B(3). Dot plot (left) shows gating strategy; CD4"
T cells were gated from forward- versus side-
scatter subsets. Isotype control (left, bottom) was
used to establish gating strategies for a(v) versus L 14.8| |79
B(3). First, of the CD4" subsets, dot plot analysis
was used to identify CD25"Foxp3~ versus
CD25'Foxp3" T cells. In each treatment condi-
tion (i.e., no stimulation, anti-CD3/CD28, or
anti-CD3/CD28 + TGF-B), subsets were assessed
for a(v) versus B(3) expression in CD4'CD25"
Foxp3~ and CD4'CD25'Foxp3" populations. Data
are representative of 3 independent experiments. 1.42
All gating strategies for fluorescence channels used
respective fluorochrome-labeled isotype controls.
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clonal T cell expansion, and cytokine production. The present Ty-associated cytokines under potent Tyl, T2, or Ty17

studies corroborated work by Sturmhofel et al. [30] in that the stimulatory conditions. Neutral conditions did not yield a notice-
a(v)B(8) receptor is important in modulating IL-2 production in able difference in the ability to produce IFN-y, IL-4, or IL-17.
afp-T cells, as was reported for y3-T cells. Interestingly, loss of However, depressed effector responses were largely observed
ADAM23 expression in DCs resulted in significant reduction of when the T cells were primed under respective polarizing

Figure 8. Neutralization of a(v)[(3) restrains T A 1sotype Control Isotype Control Isotype Control
cell proliferation and IL-2 production. Neutraliz-
ing antibodies to a(v)/CD51 or B(3)/CD61 were
added at the point of OVAggs_s3e-pulsed mDCs
culturing with naive CD4" T cells. Additionally,
respective antibodies were added again at 6 h
into the DC-T cell coculture. Isotype-matched
antibodies were used as internal controls. (A)
For proliferation, T cells were prelabeled with
2.5 uM CFSE before culture with DCs in the
presence of neutralizing or isotype control anti-
bodies. After 72 h, T cells were harvested and
evaluated for proliferation using flow cytometric
analyses. Dashed lines represent unstimulated,
CFSE-labeled T cells as nondividing control.
Filled histograms are CFSE-labeled T cells .
primed by respective DG populations in the CFSE — ) anti-a(v) anti-aly)  anti-B(3) anti-a(v)
presence of respective neutralizing antibodies or anti-a(v) anti-B(3) anti-B(3) anti-B(3)
isotype controls. Bar graph depicts mean percentage of proliferating CD4" T cells in 3 independent experiments. (B) Supernatant was collected at
the 72 h time point and evaluated for production IL-2; data are representative of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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cytokines. This follows reports by Roberts et al. [19] in studies of
v3-T cells, whereby these studies corroborated decreased IL-4
production by a3-T cells upon priming by ADAM23 knockdown
DGCs (in T2 polarizing conditions). Taken together, the studies
show an overall depressed activation, proliferation, and cytokine
profile of responder CD4" T cells when primed by DCs deficient in
ADAM23 expression.

Given that ADAM23 is able to serve as an integrin receptor,
this would suggest that cognate interaction with a(v)(3) serves
an important role in modulating intracellular signaling and/or
actin cytoskeletal events. Although the present studies did not
identify alterations in early T cell signaling events, additional
studies using conditional knockout models will better delineate
disrupted signaling patterns that may restrain T cell effector
response in the acute versus late phases. It may be that a(v) 3(3)
engagement with ADAMZ23 is required during later time points
associated with modulating proliferation events or coordinated
polarization states. Importantly, as these studies identified
ADAMZ23 as expressed within splenic-derived CD11c" DC
subsets, ADAM23 knockout models may serve to tease further
apart these signaling mechanisms and depressed immune
responses.

Neutralization studies evaluating cognate T cell responses
using a(v) or 3(3) blocking antibodies were less pronounced
than in ADAM23 knockdown experiments. This observed fate
may be a result of the inability of the (blocking) antibody to enter
the cell-cell contact site between DC and T cells (during antigen-
presentation events). The close proximity of the DC-T cell
contact plane may exclude (or greatly reduce) antibody access to
the a(v) and/or B(3) regions for neutralization. Additionally, the
rate kinetics and affinity of ADAM23 may out-compete the
neutralizing antibody for access to a(v)B(3). Therefore, future
studies using a(v) and/or $(3) knockout mice may best address
this concern. However, the studies consistently identified
impaired cytokine production coupled with reduced prolifera-
tion events upon neutralization of a(v)(3(3).

There is largely a question of whether disruption of
ADAM23-a(v)B(3) engagement abrogates IL-2 production,
which then leads to impaired proliferation responses. Alter-
natively, it may be that disruption of this engagement inhibits
proliferation and IL-2 production through independent
events. Results from these studies suggest the latter, as
experimental approaches took care to plate equal numbers of
primed T cells expanded from the ADAM23 knockdown versus
control groups to measure cytokine production; this allowed
for normalization of cell numbers. The polarization studies
corroborate a global depression in ability of responder CD4"
T cells to produce Ty-associated cytokines. In all cases of Tiy1,
Ty2, and Ty17 priming/stimulatory conditions, there was a
concomitant reduction in ability to produce respective IFN-y,
IL-4, or IL-17 in T cells stimulated by ADAM23 knockdown
versus control DCs. This was correlated directly with lower
levels of CD25/IL-2Ra expression, suggesting an overall
restrained activation and reduced ability to proliferate (with
diminished IL-2 signaling). Importantly, the studies found that
skewing of T cell fates was not observed (i.e., shift from Tyl to
a Ty2 fate), but rather, the studies consistently identified
overall impaired T cell responses.
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