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Oxidative metabolites of vitamin A, in particular all-trans-retinoic acid (atRA), have emerged as key fac-
tors in immunity by specifying the localization of immune cells to the gut. Although it is appreciated that
isomers of retinoic acid activate the retinoic acid receptor (RAR) and retinoid X receptor (RXR) family of
nuclear receptors to elicit cellular changes, the molecular details of retinoic acid action remain poorly
defined in immune processes. Here we employ a battery of agonists and antagonists to delineate the spe-
cific nuclear receptors utilized by retinoids to evoke lymphocyte cell adhesion to ADAM (a disintegrin and
metalloprotease) protein family members. We report that RAR agonism is sufficient to promote immune
cell adhesion in both immortal and primary immune cells. Interestingly, adhesion occurs independent of
integrin function, and mutant studies demonstrate that atRA-induced adhesion to ADAM members
required a distinct binding interface(s) as compared to integrin recognition. Anti-inflammatory cortico-
steroids as well as 1,25-(OH)2D3, a vitamin D metabolite that prompts immune cell trafficking to the skin,
potently inhibited the observed adhesion. Finally, our data establish that induced adhesion was specifi-
cally attributable to the RAR-a receptor isotype. The current study provides novel molecular resolution as
to which nuclear receptors transduce retinoid exposure into immune cell adhesion.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction Classically, atRA and other vitamin A derivatives exert their
Vitamin A (retinol) is vital for the establishment and mainte-
nance of immunity [1]. The requirement of vitamin A for immune
function has been appreciated since the early 1900’s when it was
originally described as an ‘‘anti-infective agent’’ [2–4]. Only within
the past decade have the initial molecular details whereby vitamin
A contributes to immunity been delineated [1]. Although multiple
isomers exist, all-trans-retinoic acid (atRA) is the most abundant
within human cells and is required for a spectrum of immune-
related functions including cellular proliferation and differentia-
tion, antibody production, and cytokine secretion [5–9].
influence by activating two distinct family of nuclear steroid recep-
tors known as the retinoic acid receptor (RAR) and retinoid X
receptor (RXR) family [10,11]. Nuclear receptor activation by reti-
noids, compounds chemically related to vitamin A, prompt well-
defined conformational changes that promote the dissociation
and association of transcriptional repressors and activators,
respectively [12]. The RAR family traditionally pairs with RXR
members to form heterodimers with each family exhibiting three
main isotypes, designated a, b, c.

The clinical use of retinoids encompasses immune concerns
such as vaccine efficacy and tolerance [13–17]. In addition, the
use of atRA in the treatment of acute promyelocytic leukemia is
commonly cited as an evolutionary milestone in cancer therapy
[18]. Despite their success, adverse side effects that accompany
retinoid-based therapies have limited their full potential. Delineat-
ing the specific nuclear receptors governing these events is needed
for the refinement of retinoid-based therapies.

Since cell adhesion and migration are paramount in immunity,
the particular role of retinoids in these processes has been an area
of particular interest [19,20]. Seminal studies have established that
atRA bestows gut homing properties to lymphocytes [21–23].
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Induction of a4b7 integrin expression by atRA, promotes gut spe-
cific localization via recognition of mucosal addressin cell adhesion
molecule-1 (MAdCAM-1) [23]. However, the nuclear receptors
required for transducing retinoid exposure into adhesion and
migratory changes are not well defined. In addition, immune cell
trafficking entails the progressive involvement of multiple protein
ligands and receptors. The influence of retinoids in other aspects of
adhesion aside from a4b7 and MAdCAM-1 remain unknown.

We recently demonstrated that retinoid exposure promotes cell
adhesion through integrin dependent and independent mecha-
nisms in various immune lineages to ADAM (a disintegrin and
metalloprotease) members [24,25]. ADAMs are a unique class of
integrin ligands that exhibit protease function [26,27]. However,
unlike matrix molecules or well-characterized trafficking mole-
cules, the role of ADAMs in cell adhesion and migration is poorly
understood. Here we resolve the molecular details of how retinoic
acid promotes atypical integrin-independent immune cell adhe-
sion to select ADAM members.
2. Materials and methods

2.1. Cells

Dr. John Wilkins (University of Manitoba) generously provided
the RPMI 8866 B cell line. Human peripheral blood mononuclear
cells (PBMCs) were purchased from Astarte Biologics (Bellevue,
WA). All lymphocytes were maintained at 37 �C with a 5% CO2

atmosphere in RPMI1640 media containing HEPES, 1% pen/strep,
10% FBS, and 1% sodium pyruvate.

2.2. Reagents

Phosphatase substrate, retinoids, 1,25-(OH)2 vitamin D3, corti-
costeroids were all purchased from Sigma (St. Louis, MO). Agonists
and antagonists were obtained from TOCRIS bioscience through
R&D systems (Minneapolis, MN). Retinoids were dissolved at the
desired concentration in DMSO and handled accordingly to mini-
mize light exposure. Antibodies specific for RAR-a and actin were
obtain from EMD Millipore (Billerica, MA). The antibodies specific
for the RAR-b and c isotypes were purchased from Santa Cruz Bio-
technology Inc. (Dallas, TX). The activating anti-b7 monoclonal
antibody 2G3 was the gift of Dr. Ted Yednock (Elan
Pharmaceuticals).

2.3. Recombinant ADAM protein ligands

Recombinant ADAM proteins were generated as Fc-fusion
proteins in eukaryotic High 5 insect cells as described [28]. The
coding regions of the entire disintegrin-like domains of human
ADAM9 (Pro415-Asn508), ADAM12 (Asn414-Gly519), ADAM15
(Met420-Gly515), ADAM28 (Thr407-Gly500), and ADAM33
(Ala418-Gly510) were used. For the ADAM28 domain fragments
the regions were: ecto (Lys22-His667), ProMet (Lys19-Pro408), and
DisEGF (Thr407-His664). The mouse version of ADAM28 (OriGene
Technologies Inc., Rockville, MD) was utilized to generate the
ecto-Fc construct. Recombinant ligands were evaluated for
purity by SDS–PAGE under reducing conditions (supplemental).
Charge-to-alanine point mutants of the ADAM28 Dis-Fc protein
were generated as previously described [29].

2.4. Static cell adhesion assay

The assay was conducted according to established protocols
[24]. Briefly, recombinant proteins were immobilized on
Immulon-2 HB microtiter wells (Thermo Scientific, Waltham,
MA). Nonspecific adhesion was minimized with 2% (w/v) bovine
serum albumin. Cells were cultured for the defined times with
the indicated amount of retinoid, vitamin, drug or an equimolar
concentration of vehicle (DMSO). Unless otherwise indicated,
buffer contained EDTA to eliminate integrin contribution to cell
adhesion [30]. RPMI 8866 cells (2 � 105 cells/well) or primary
human PBMCs (2.5 � 105 cells/well) were incubated with
ligands for 1 h at 37 �C in 5% CO2. After washing, phosphatase
assay buffer was added to wells. After 30 min, color was
disclosed with 1 N NaOH and an A405 reading was obtained.
Values obtained with wells coated exclusively with BSA were
considered as background values for each experimental
condition and were subtracted before reporting final values.
Average A405 ¼ Average A405ðrecombinant proteinÞ � Average A405ðBSAÞ.
2.5. Western blotting

B cell lysates were prepared in RIPA buffer containing protease
inhibitors. A total of 25 lg of cell lysate was analyzed, and antibod-
ies were used as recommended by supplier.
2.6. Statistical analyses

All data were analyzed using GraphPad Prism 6.0. A student’s t-
test was utilized to establish significance. When appropriate for
multiple comparisons, a one-way ANOVA analysis with a Tukey’s
post hoc test was employed. Specific p-values and thresholds are
contained within the figure legends. Error bars represent standard
deviation. Unless otherwise indicated, results are representative of
at least three independent experiments done in triplicate.
3. Results

3.1. De novo transcription and translation are required for retinoid-
induced lymphocyte cell adhesion

Recent discoveries implicate retinoids in extranuclear and
nontranscriptional cellular effects, however, this mechanism
has not been observed with immune cells [31]. Therefore, we
sought to determine if de novo transcription and translation
are required for retinoids to induce integrin-independent cell
adhesion to ADAM28. ADAM28 is involved in leukocyte transmi-
gration and TNF-a release [32,33]. As we previously reported,
exposure of RPMI 8866 B cells with atRA induced adhesion to
the ADAM28 disintegrin-like domain independent of integrin
function in buffer containing EDTA (Fig. 1). A hallmark of inte-
grin function is the requirement of divalent cations for ligand
recognition and EDTA is a well-known pan-integrin inhibitor
[30]. Cycloheximide (CHX), a well-characterized translational
inhibitor, reduced adhesion levels of atRA treated cells to levels
obtained with vehicle alone (Fig. 1A). As a functional measure
of viability, MnCl2 was added back to the cycloheximide treated
cells (Fig. 1A inset). This divalent cation activates integrins and
promotes ligand recognition of viable cells. A similar approach
described for Fig. 1A was utilized to determine if de novo tran-
scription was required for retinoic acid to induce B cell adhesion.
The presence of a-amanitin, a well-characterized transcriptional
inhibitor, significantly reduced the ability of atRA to induce inte-
grin-independent cell adhesion (Fig. 1B). Again, inclusion of
MnCl2 resulted in robust adhesion in the a-amanitin treated
cells. Since these data suggest that retinoic acid induces immune
cell adhesion through the ‘‘classic’’ genomic mechanism involv-
ing RAR/RXR nuclear receptors, we sought to identify the specific
nuclear receptor(s) involved.



Fig. 1. Retinoic acid stimulated immune cell adhesion requires de novo transcrip-
tion and translation. (A) RPMI 8866 cells were exposed to 1 lM atRA or an
equimolar concentration of vehicle for 72 h. Cells were co-cultured in the presence
(black) or absence (white) of 100 nM cycloheximide (CHX). Adhesion assays were
conducted as described in experimental procedures on 5 lg/ml of human ADAM28
Dis-Fc. Inset demonstrates that both vehicle and atRA treated cells exposed to CHX
are viable and capable of robust adhesion when integrins are activated by the
inclusion of MnCl2. (B) Experiments were conduct as described in panel A except
with 2 lg/ml of the transcriptional inhibitor a-amanitin. Dissimilar letters denote
significant (p < 0.01) changes in adhesion.
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3.2. RAR activation is sufficient for immune cell adhesion

Pan-RAR or RXR receptor agonists were tested for their ability
to induce immune cell adhesion. Although atRA is an RAR exclusive
ligand, we have shown that 9-cis-RA exposure results in immortal
and primary immune B cell adhesion [24]; therefore, an RXR ago-
nist was included in the analysis to address this plausible mode
of action. We utilized the RAR pan-agonists TTNPB and RXR pan
agonist SR11237 [34–36]. Dosing and exposure time were chosen
based upon similar conditions within the primary literature.
TTNPB alone was sufficient to induce dose-dependent adhesion
trends to ADAM28 that closely mimicked those of atRA (Fig. 2A).
Similar results were obtained with another RAR agonist, adapalene
(data not shown). These findings indicate that retinoic acid modu-
lates immune cell adhesion through a RAR-containing nuclear
receptor.

We wanted to determine if cell adhesion induced by RAR activa-
tion was localized to the disintegrin domain of ADAM28. We have
previously described production and purification of a recombinant
protein fragments encompassing the disintegrin-like, cysteine-
rich, and EGF domains (DisEGF), as well as a negative control com-
prised of the non-adhesive regulatory pro and catalytic metallo-
protease regions (ProMet) [28]. The entire ectodomain of
ADAM28 was also expressed (Ecto). As evident in Fig. 2B, recombi-
nant proteins containing the disintegrin-like domain facilitated
integrin-independent adhesion of retinoid treated RPMI 8866 B
cells while the ProMet region did not.
The molecular interface required for integrin recognition of
ADAM28 has been extensively mapped with charge-to-alanine
mutants [29,37]. Adhesion to ADAM28 disintegrin-like domain
mutants was determined with retinoid treated cells in buffer con-
taining EDTA. In addition, cell adhesion in buffer containing diva-
lent cations and the anti-b7 activating monoclonal antibody 2G3
was determined. This approach allowed a direct comparison of
the residues comprising the integrin-binding site to those contrib-
uting to the retinoid-induced adhesion receptor(s). Multiple lysine
residues were required for b7 integrin recognition, a pattern con-
sistent with that established for b1 integrin recognition [29]. In
contrast, alanine substitutions of these same lysine residues did
not adversely impact adhesion of atRA treated cells (Fig. 2C). The
binding interface employed for the integrin-independent adhesion
induced by atRA is rather distinct from that required by integrins.

Adhesion selectivity was examined with the disintegrin-like
domains of three non-immune ADAMs and the disintegrin-like
domain of ADAM33, an ADAM genetically linked to asthma [38].
Although TTNPB exposure induced RPMI 8866 B cell adhesion to
all disintegrin domains tested, there was a consistent statistical
proclivity for adhesion to the disintegrin domains of the two
immune ADAMs, ADAM28 and ADAM33 (Fig. 2D). These data
establish that RAR activation is sufficient to prompt adhesion that
is selective for immune ligands.

3.3. Corticosteroids and vitamin D metabolites inhibit RAR-induced
immune cell adhesion

Adverse effects of RA-based therapies (e.g. differentiation syn-
drome) are ameliorated upon corticosteroid administration [18].
Apart from the clinical setting, corticosteroids inhibit immune
cell–cell interactions, clustering, and adhesion observed upon RA
exposure [24,39]. As these observations stem from studies utilizing
various retinoids including 9-cis-RA, it remains unclear if cortico-
steroids inhibit an RAR or RXR mediated event. Two distinct corti-
costeroids, methylprednisolone and dexamethasone, were capable
of blunting the adhesion response when RARs were selectively
activated in RPMI 8866 cells (Fig. 3A).

The dihydroxy metabolite of vitamin D designated 1,25-
(OH)2D3 biases mobilization of immune cells to the skin niche
[1]. Exposure of primary T cells with 1,25-(OH)2D3 inhibits atRA-
mediated integrin receptor expression [21]. Since the adhesion
induced with RAR activity in the RPMI 8866 cell line occurs inde-
pendent of integrins, we explored the role of 1,25-(OH)2D3 in this
novel adhesion response. Co-culturing cells in the presence of the
pan RAR agonist TTNPB and increasing concentrations of 1,25-
(OH)2D3 resulted in a dose-dependent inhibition (Fig. 3B). This
suggests that 1,25-(OH)2D3 exposure inhibits multiple aspects of
retinoid signaling in immune cell adhesion.

3.4. RAR-a activity transduces retinoid exposure into cell adhesion

To validate the relevance of the RAR activation in promoting
immune cell adhesion, primary human PBMCs cultured ex vivo in
the presence of the RAR specific agonist TTNPB. As shown in Sup-
plementary Fig. 1, a summary of four separate experiments con-
ducted with multiple PBMC donors establishes that primary
immune cells cultured in the presence of TTNPB transitioned to
integrin-independent adhesion as compared to vehicle treated
cells (Fig. 4A). These data demonstrate that immortal and primary
immune cells exhibit a novel integrin-independent adhesion
response that is mediated by RAR nuclear receptor activity.

Establishing that RAR signaling governs the induction of
immune cell adhesion enabled us to employ a battery of RAR iso-
type-specific agents to further delineate the specific receptor(s)
involved. RPMI 8866 B cells were cultured in the presence of



Fig. 2. Immune cell adhesion is prompted with RAR activation. (A) RPMI 8866 cells were cultured for 72 h with vehicle (filled circles), 1 lM atRA (filled squares), 5 nM of the
pan-RAR agonist TTNPB (open triangles), or 5 nM of the pan-RXR agonist SR11237 (open circles). (B) RPMI 8866 cells exposed to vehicle (gray), 0.5 lM atRA (black), 5 nM of the
pan-RAR agonist TTNPB (white), or 5 nM of the pan-RXR agonist SR11237 (hatched) for 72 h were evaluated for adhesion to the indicated ligands encompassing various
domains of ADAM28 (4 lg/ml). (C) Microtiter wells were coated with various charge-to-alanine mutants of ADAM28 (5 lg/ml). Adhesion assays were repeated as described
with RPMI 8866 cells cultured with vehicle or 1 lM atRA for 72 h. The activating anti-b7 monclonal antibody, 2G3, was added for a direct comparison of the interface required
for adhesion. Normalized % Adhesion ¼ AverageA405ðmutantÞ=AverageA405ðwild typeÞ � 100. (D) Adhesion of RPMI 8866 human B cells exposed to 5 nM TTNPB (black) or vehicle
(white) for 72 h was determined on select ADAM disintegrin domains (4 lg/ml). Dissimilar letters denote significant (p < 0.05) changes in adhesion with the TTNPB condition
only.

Fig. 3. Retinoid induced immune cell adhesion to ADAM28 is attenuated by
corticosteroids or vitamin D metabolites. (A) RPMI 8866 B cells were cultured in the
presence of 100 nM atRA, 5 nM of TTNPB or vehicle for 24 h. Cells were
administered the corticosteroids, dexamethasone (white) and methylprednisolone
(grey), at 200 lg/ml for 24 h. Double asterisks indicate a significant (p < 0.01)
decrease of cell adhesion. (B) Adhesion assays were repeated with cells treated with
vehicle (grey), 5 nM of TTNPB alone (white) or in combination of increasing levels of
1,25-(OH)2D3 (black) for 72 h. Asterisks denote a significant decrease in adhesion
response when compared to atRA alone (⁄p < 0.05, ⁄⁄p < 0.01).
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well-defined RAR-a (AM 580), RAR-b (AC 261066), or RAR-c (BMS
961) specific agonists. Agonist concentrations were based upon
twice the established EC50 values [36]. Only the agonist selective
for the RAR-a isotype induced RPMI 8866 cell adhesion to the
ADAM28 disintegrin-like domain in a manner comparable to atRA
(Fig. 4B). We confirmed the results with RAR isotype specific antag-
onists. As shown in Fig. 4C, only the RAR-a antagonist, ER50891,
blocked atRA-induced adhesion as compared to the RAR-b/c antag-
onist, CD2665. The observed RAR-a responsiveness was not due to
a lack of RAR-b or RAR-c proteins, as all forms were expressed
(Fig. 4D).
4. Discussion

Here we address, in molecular detail, how retinoid exposure
induces immune cell adhesion. Adhesion was not mediated by
integrin receptors as is traditionally observed with atRA induced
cell adhesion [40–42]. Of particular note, RAR but not RXR agonism
generated a robust adhesion response. Combining the agonists did
not result in augmented levels of adhesion compared to RAR acti-
vation alone (data not shown). The induced adhesion was selective
and discriminated between multiple ADAM family members. This
difference in ligand preference may account for variations in traf-
ficking to aid in recruiting/retaining immune cells to different
niches. This concept is further supported since 1,25-(OH)2D3 inhib-
ited the atRA induced adhesion. Vitamin A and D derivatives have
similar roles in immune cell trafficking but are dissimilar in the
final locale of immune cells. RAR signaling required for adhesion
was also potently blocked by corticosteroids. These findings pro-
vide a mechanistic explanation as to how interventions such as
corticosteroids likely attenuate RAR signaling to resolve complica-
tions associated with retinoid-based therapies.

Refinement and advancement of existing therapies mandate
identification of the specific nuclear receptors governing these



Fig. 4. RAR-a nuclear receptor activity promotes immune cell. (A) Human PBMCs were cultured in the presence of TTNPB (5 nM) or vehicle for 48 h. Abscissa represents data
from four different experiments that have been normalized to adhesion levels obtained with vehicle treated PBMCs with functional integrin receptors (no EDTA). (B) RPMI
8866 cells were cultured in the presence of various RAR isotype-specific agonists for 24 (grey), 48 (white), or 72 (black) hours. (C) Antagonists for RAR-a or RAR-b/c were
added to RPMI 8866 cells at the indicated concentrations for 24 h. Cells were then exposed to 50 nM atRA for an additional 24 h before harvesting. (D) Cell lysate (25 lg/lane)
of RPMI 8866 cells treated with vehicle or atRA for 72 h were blotted with antibodies specific for RAR isotypes. Actin was detected as a loading control. (⁄⁄p < 0.01).
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events. Due to the prevalence and sustained success of retinoids in
the clinical setting, delineating how retinoids generate adhesion
warrants investigation. Here we establish that the observed
immune cell adhesion was attributable to the RAR-a nuclear
receptor isotype. It is interesting that this same nuclear receptor
is involved with the induction of the gut homing a4b7 integrin,
but dissimilar from our findings, a4b7-mediated adhesion addi-
tionally required activation of RXR receptors [43]. Perhaps, a dis-
tinct subset of nuclear receptors are utilized within immune cells
to elicit distinct changes in trafficking receptor expression and
function. The finding that the adhesion response evoked by atRA
employed a different molecular interface for ligand binding as
compared to established receptors lends credence to this concept.

The current work demonstrates, with molecular resolution, how
atRA promotes integrin-independent immune cell adhesion. Fur-
ther work is needed to: (i) clarify and define which specific nuclear
receptors participate in other vital aspects of immunity, (ii) estab-
lish the mechanisms (e.g. genomic versus non-genomic) by which
those particular receptors propagate vitamin A derived signals in
immunity, and (iii) identify adhesion receptor(s) induced by reti-
noids apart from integrins. The importance of this future endeavor
is underscored by the historical success of retinoid-based therapies
and the undiscovered therapies still embodied within vitamin A.
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