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Abstract
Retinoids are essential in the proper establishment and maintenance of immunity. Although
retinoids are implicated in immune related processes, their role in immune cell adhesion has not
been well established. In this study, the effect of 9-cis-retinoic acid (9-cis-RA) on human
hematopoietic cell adhesion was investigated. 9-cis-RA treatment specifically induced cell
adhesion of the human immune cell lines HuT-78, NB4, RPMI 8866, and U937. Due to the
prominent role of integrin receptors in mediating immune cell adhesion, we sought to evaluate if
cell adhesion was integrin-dependent. By employing a variety of integrin antagonist including
function-blocking antibodies and EDTA, we establish that 9-cis-RA prompts immune cell
adhesion through established integrin receptors in addition to a novel integrin-independent
process. The novel integrin-independent adhesion required the presence of retinoid and was
attenuated by treatment with synthetic corticosteroids. Finally, we demonstrate that 9-cis-RA
treatment of primary murine B-cells induces ex vivo adhesion that persists in the absence of
integrin function. Our study is the first to demonstrate that 9-cis-retinoic acid influences immune
cell adhesion through at least two functionally distinct mechanisms.
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1. Introduction
The anti-infective attributes and necessity of vitamin A for proper immunity has been
reported since the early 1900s, yet the exact role of vitamin A in the establishment and
maintenance of immunity remains poorly defined. Retinoids, biologically active oxidative
metabolites of vitamin A, profoundly impact immune function by regulating differentiation,
proliferation, antibody production, and transmigration of leukocytes. Retinoids and parental
vitamin A are obligatory in the formation and population of secondary lymphoid structures
within gut mucosa. Current models posit retinoids govern the locale of immune cell
trafficking and homing by prompting the expression of defined adhesion or homing
molecules such as integrin and chemokine receptors.

Only within the past three decades have the molecular mechanisms by which retinoids elicit
their effects been elucidated. Ultimately, retinoids exert transcriptional regulation through
the activation of isoform specific transcription factors. The retinoic acid receptor (RAR) and
retinoid X receptor (RXR) family of nuclear receptors homo or heterodimerize upon retinoid
binding. Nuclear receptor activation by two major bioactive retinoids, all-trans-retinoic acid
(at-RA) and 9-cis-retinoic acid (9-cis-RA), facilitate recognition of retinoic acid response
elements (RARE) in the promoter of target genes. The cellular responses generated by RXR
family members are more pleiotropic as compared to RAR activity, a feature attributed to
the promiscuous pairing nature of RXRs. Unlike the RAR family members, RXRs comprise
heterodimers that include but are not limited to: thyroid hormone, vitamin D receptors,
pregname X receptor, and peroxisome proliferator-activated receptor gamma. Classically, 9-
cis-RA can bind and subsequently activate RAR or RXR members while at-RA is an RAR
ligand. This difference in nuclear receptor specificity between at-RA and 9-cis-RA may
account for distinct efficacies, physiological outcomes, or sensitivity to particular retinoid
isomers.

Cell adhesion is paramount in mounting an effective immune response and is an integral
component of the immune cell trafficking paradigm. Integrins are a well-characterized
superfamily of cell-cell and cell-matrix receptors comprised of α and β noncovalently linked
subunits. The α4/α9 integrin subclass that includes α4β1 and α4β7 exhibit an expression
pattern, ligand specificity, and functionality that encompass various aspects of immunity,
including immune cell adhesion. Engagement of vascular cell adhesion molecule-1
(VCAM-1) by the integrin α4β1, allows cells to firmly arrest to the intravascular wall
mediating diapedesis and subsequent infiltration to the infected interstitium. Similarly, α4β7
recognition of mucosal address in cell adhesion molecule-1 (MAdCAM-1) facilitates proper
homing of lymphocyte subtypes to various secondary lymphoid sites including those that
comprise gut associated lymphoid tissue (GALT). The role of retinoids in influencing
integrin function has been evaluated in various cell types, including immune lineages. For
example, at-RA can increase or decrease expression of integrin receptors including α4β1
and α4β7. Interestingly, at-RA can also influence the expression of well-established integrin
ligands such as VCAM-1, fibronectin, as well as the novel integrin ligand class, ADAMs (a
disintegrin and metalloprotease). Studies evaluating the potential involvement of retinoids in
cellular adhesion have been predominantly limited to classical integrin-counter receptor
interactions. However, we have recently shown that at-RA can also prompt integrin-
independent cell adhesion in a particular human B-cell line.

The contribution and influence of at-RA to a variety of immune processes including
leukocyte differentiation, proliferation, antibody secretion, and adhesion is addressed in the
literature, but there is a paucity of information evaluating if 9-cis-RA or other isomers
contribute to immune processes. Given the promiscuous nature of RXRs and the ability of 9-
cis-RA to activate both RARs and RXRs, 9-cis-RA may serves as an immuno-modulating
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compound that influences a spectrum of immune events including cell adhesion. Although
we have previously characterized a novel integrin-independent adhesion event prompted by
at-RA in the human RPMI 8866 B-cell line, here we present evidence for the first time that
exposure to 9-cis-RA induces human immune cell adhesion through both classic integrin-
mediated and novel integrin-independent processes by extensively evaluating a spectrum of
human hematopoietic cell lineages. Of note, we report that 9-cis-RA exposure of primary B-
cells biases adhesion to occur independent of integrin function. We also provide the first
insight into how retinoic acid induces immune cell adhesion by mitigating adhesion with
either retinoid removal or corticosteroid administration. These data collectively demonstrate
that 9-cis-RA induces immune cell adhesion through at least two functionally distinct modes
and comprise an unexplored aspect of how retinoids plausibly contribute to immunity.

2. Materials and Methods
2.1 Reagents and Chemicals

Chinese hamster ovary cell derived recombinant human VCAM-1 was purchased from R&D
systems (Minneapolis, MN). The fibronectin CS-1 peptide was obtained from American
Peptide Company (Sunnyvale, CA). The function-blocking anti-integrin monoclonal
antibodies (mAb) P1H4 (anti-α4), 6S6 (anti-β1), YFC118.3 (anti-β2)were purchased from
Chemicon International (Temecula, CA). The anti-β7 mAb FIB27 was obtained from BD
Biosciences (San Jose, CA). The secondary goat anti-human IgG (Fc-specific) FITC-
conjugated antibody was commercially purchased from Caltag/Invitrogen (Carlsbad, CA).
The colorimetric phosphatase substrate, retinoids, and various vitamins were all purchased
from Sigma (St. Louis, MO). Retinoids and all other vitamins were dissolved at the desired
concentration in ethanol and handled accordingly to minimize light exposure. The synthetic
corticosteroids 6 α-methylprednisolone 21-hemi succinate sodium salt (MPSS) and
dexamethasone (Dex) were obtained from Sigma and dissolved at the desired concentration
in water or ethanol, respectively.

2.2 Cell Culture
The mature human B-cell line RPMI 8866 was the kind gift of Dr. John Wilkins (University
of Manitoba, Manitoba, Canada). The MOLT-4 and NB4 lines were the generous gift of Dr.
Ted Bertrand (East Carolina University, Greenville, NC). The established human lines:
\Daudi, HL-60, HuT-78, Jurkat, K562, Raji, RAMOS, and U937 were obtained from ATCC
(Manassas, VA). All hematopoietic cell lines were maintained in a 5% CO2 environment
with RPMI 1640 media supplemented with 10 mM HEPES, 1mM sodium pyruvate, 10% (v/
v) fetal bovine serum, 1% L-glutamine and 1% penicillin-streptomycin.

2.3 Isolation and culture of murine primary B-cells
Primary murine B220+ B cells were isolated from C57BL/6 mice as previously described.
Briefly, spleens from mice were used to generate a single cells suspension. B cells were then
isolated from the single cell suspension using negative selection (Miltenyi Biotec). Cell
viability and purity were routinely checked, respectively, using trypan blue exclusion and
anti-B220 antibodies with flow cytometry. To promote activation, B cells were stimulated
with lipopolysaccharide (Sigma).

2.4 Recombinant Fc-fusion proteins
Methods for the production and purification of Fc-fusion proteins were described
previously. Briefly, DNA constructs were generated by PCR overlap extension to anneal the
5′ GP67 insect secretion signal and the 3′ human IgG3 Fc affinity tag onto regions encoding
for the entire disintegrin-like domains of human ADAM28 (Thr407-Gly500), ADAM12
(Asn414-Gly519), or the first two ecto domains of VCAM-1 (Gln23-Leu217). ADAM
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disintegrin-like domain constructs terminated within 5 residues of the disintegrin-like/
cysteine rich domain boundary. The IgG3 Fc fusion-tag consisted of residues C-terminal of
Ala130 to exclude the hinge region thereby preventing dimerization of the purified ligands.
PCR products were cloned into the TOPO pIB/V5-His vector (Invitrogen, Carlsbad, CA).
After sequence verification, High 5 insect cells were transfected with DNA constructs and
selected for expression by eukaryotic blasticidin resistance. Conditioned media was
harvested, polyethylene glycol concentrated, and applied to a protein-G affinity resin. After
extensive washing, bound proteins were eluted with 100 mM citric acid pH 3.0 into a
reservoir of 1 M Tris at pH 9.0 for immediate neutralization of the eluant. Recombinant
ligands were evaluated for purity and consistency by SDS-PAGE under reducing and
nonreducing conditions (supplementary data).

2.5 Static cell adhesion assay
Assays were adapted from established techniques. Briefly, recombinant proteins were
immobilized at the desired concentration on Immulon-2 HB microtiter wells (Thermo
Scientific, Waltham, MA) in a total volume of 100 μl of 0.1 M NaHCO3. For maximal
coating, plates were incubated overnight at 4°C. Nonspecific adhesion was minimized by
blocking wells with 2% (w/v) bovine serum albumin (BSA) in modified HEPES-Tyrodes
buffer (5 mM HEPES, pH 7.4, 150 mM NaCl, 12 mM NaHCO3, 2.6 mM KCl, 0.2 mg/mL
BSA, 0.5 mM MgCl2, and 1 mM CaCl2) at room temperature for 30 min. Cells were
cultured for the defined times in the presence of the indicated amount of retinoid, vitamin,
drug or an equimolar concentration of vehicle (ethanol). The initial time period of 72 hrs
was chosen based upon sufficient time for genetic alterations by retinoid action and previous
work. For synthetic corticosteroid experiments, cells were cultured for 48 hrs with 0.5 μM
of 9-cis-RA for 48 hrs and then co-cultured with specified concentrations of MPSS or Dex
for an additional 24 hrs. Before addition to wells, cells were washed twice in HEPES-
Tyrodes buffer, manually enumerated, and resuspended to the desired concentration. All cell
types analyzed were added to wells (2 × 105/well) in 100 μl HEPES-Tyrodes with or
without 1 mM Mn++. When appropriate, inhibitors were added simultaneously to cells at
desired concentrations in HEPES-Tyrodes buffer. Function-blocking monoclonal antibodies
were used at a final concentration of 5μg/mL and EDTA was used at 5 mM. Cells were
incubated with ligands in the presence or absence of inhibitors for 1 hour at 37°C in 5%
CO2. After three consecutive washes with HEPES-Tyrodes, wells were analyzed for bound
cells by determining the relative cellular acid phosphatase activity within each well.
Phosphatase assay buffer (1% v/v Triton X-100, 50 mM sodium acetate at pH 5.0 and 6 mg/
mL p-nitrophenyl phosphate) was added to wells, and wells were incubated with the
colorimetric substrate for 30 min at 37°C. Color was disclosed by addition of 50 μl/well of 1
N NaOH. Absorbance values were obtained at 405 nm with a plate reader. Specific numbers
of adherent cells/well were obtained by correlating experimental absorbance values to a
standard curve. Adhesion values obtained with wells coated exclusively with BSA were
considered as background values for each experimental condition and were subtracted
before reporting final values. Adherent cells/well = adherent cells(recombinant protein) −
adherent cells(BSA).

2.6 Flow Cytometry
U937 cells were treated with vehicle or 9-cis-RA for 96 hrs and a total of 2×105 cells/
condition were resuspended in HEPES-Tyrode’s buffer. Cells were incubated with
ADAM28 Dis-Fc, ADAM12 Dis-Fc or sVCAM-Fc, at the indicated concentrations for 30
min at room temperature in the presence of 5 mM EDTA, or in the presence or absence of
CS-1 (500 μg/mL). Following initial binding, cells were fixed in 0.37% formalin/1 × PBS,
pH 7.4 for 15 min. Cells were washed twice in FACS buffer (1 × PBS, 2.5% (v/v) fetal calf
serum, and 0.02% (v/v) NaN3, pH 7.4) and stained with anti-human IgG-FITC (Invitrogen,
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Carlsbad, CA) antibody for 15 min. For analysis of mean fluorescence intensity, cells were
collected and resuspended in 300 μl of FACS buffer and analyzed using a FACS Calibur
flow cytometer and Cell Quest-Pro software.

2.7 Statistical Analyses
All error bars represent stand deviation values. Where appropriate a two-tailed Student’s t-
test was employed to determine significant differences utilizing a threshold of 0.01.

3. Results
3.1 9-cis-Retinoic Acid Induces Human B-cell Adhesion to Select Immune Ligands

The role of 9-cis-RA in immune cell adhesion remains poorly defined. To determine if 9-cis-
RA can prompt immune cell adhesion, we utilized a static cell adhesion assay with well-
defined integrin ligands. Our studies employed various recombinant forms of human
VCAM-1 due to its specificity for leukocyte integrins and role in diapedesis. First, we
assessed adhesion with sVCAM-1, a recombinant protein encompassing the entire
ectodomain of human VCAM-1. Additionally, we generated a recombinant Fc fusion protein
containing only the first two ectodomains of human VCAM-1 (sVCAM-Fc) that traveled as
a highly purified monomer under reducing and nonreducing conditions (supplemental data).
As shown in Figure 1A, adhesion to sVCAM-1 obtained with RPMI 8866 cells cultured in
the presence of 1 μM 9-cis-RA exceed the levels obtained with un-activated vehicle cells at
all ligand concentrations tested. As a positive control, cells were maintained in media
containing 1 μM at-RA. At sVCAM-1 concentrations exceeding 0.5 μg/mL, 9-cis-RA
exposed cells produced greater than 90 percent adhesion of input cells. In contrast, the same
ligand concentration yielded less than 50 percent adhesion of input cells cultured with
vehicle alone.

Since 9-cis-RA exposure induces robust cell adhesion to the classic integrin counter receptor
VCAM-1, we expanded our studies to include the ADAM family of proteins. ADAMs are a
novel class of integrin ligand capable of mediating proteolytic and signaling events. Of the
known human ADAMs, nearly a third are implicated in immune function with respect to
their proteolytic substrates, integrin ligand properties, or expression pattern. Specifically,
retinoid mediated adhesion to ADAM28 was assessed since this ADAM is recognized by the
α4/α9 immune integrin subclass, predominantly expressed by mature human B-cells, and
expression at the mRNA level is enhanced upon retinoid treatment. We tested the ability of
9-cis-retinoic acid to modulate adhesion to a purified recombinant ADAM28 disintegrin-like
domain (ADAM28 Dis-Fc). As with sVCAM-1, culturing RPMI 8866 cells in the presence
of 1 μM 9-cis-RA for 72 hrs bestowed cellular adhesion to the ADAM28 Dis-Fc in a dose-
dependent and saturable manner (Fig. 1B). At a ligand concentration greater than 2 μg/mL,
more than 50 percent adhesion of input cells was obtained when cells were exposed to 9-cis-
RA. At the same level of ligand concentration, only 20 percent adhesion of vehicle cells was
observed.

To address if the augmented adhesion to 9-cis-RA is observed upon an acute exposure of
retinoic acid, cell adhesion assays were repeated with multiple ligands using RPMI 8866
cells cultured in the presence of vehicle or 9-cis-RA for 24 hrs. Higher levels of cell
adhesion were observed when RPMI 8866 cells were maintained in 1 μM 9-cis-RA and
added to wells coated with the immune ligands, sVCAM-Fc and ADAM28 Dis-Fc, at 5 μg/
mL as compared to vehicle (Fig. 1C). As a positive control, the exogenous integrin activator
Mn++ was added to vehicle cells to insure measurable adhesion at 24 hrs. To demonstrate
adhesion specificity to immune ligands, RPMI 8866 cells exposed to vehicle or 9-cis-RA
were added to wells coated 5 μg/mL of ADAM12 Dis-Fc, a non-immune ADAM. Although
retinoid exposed cells did demonstrate a detectable increase in cell adhesion on the
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ADAM12 Dis-Fc, selected immune ligands consistently produced higher levels of cell
adhesion. These data demonstrate that 9-cis-RA induces RPMI 8866 selective cell adhesion
to physiologically relevant substrates. Titration experiments demonstrated that 9-cis-RA was
capable of inducing RPMI 8866 B-cell adhesion at a variety of clinically relevant retinoid
concentrations (Fig. 1D).

3.2 9-cis-Retinoic Acid Stimulates B-Cell Adhesion Independent of Integrin Function
Classical mechanisms for leukocyte trafficking are predominantly governed by the integrin
superfamily of adhesion receptors. Each member of the α4/α9 subclass contributes to
leukocyte adhesion or transmigration by recognizing various members of the cell adhesion
molecule family. Retinoids have the distinct ability to govern cell adhesion by modulating
both integrin and integrin ligand expression. To determine if B-cell adhesion observed in the
presence of 9-cis-RA was integrin-dependent, we assessed RPMI 8866 cell adhesion to
immobilized sVCAM-Fc in the presence of various integrin inhibitors. Consistent with
literature findings, RPMI 8866 cell adhesion to wells coated with sVCAM-Fc was strongly
inhibited with function blocking antibodies to either the integrin α4 (P1H4) or β7 (FIB 27)
subunits when cells were incubated in the presence of 1 mMMn++, an exogenous integrin
activator (Fig. 2A). In addition, the pan-integrin antagonist EDTA potently blocked
adhesion of vehicle treated cells in buffer containing Mn++ to sVCAM-Fc. In contrast, 9-cis-
RA treated RPMI 8866 cells added to wells in buffer lacking Mn++ maintained strong
adhesion in presence of all inhibitors tested (Fig. 2A). Similar inhibition results were
obtained for full-length sVCAM-1 (data not shown). Comparable results were obtained with
ADAM28Dis-Fc substrate, an established α4β1/α4β7 ligand (Fig. 2B). These results
demonstrate 9-cis-RA is capable of inducing novel integrin-independent adhesion to
immune ligands in a particular human B-cell lineage.

3.3 The presence of 9-cis-RA is required for RPMI 8866 B-cell Adhesion
Retinoids are well characterized as differentiation agents that can permanently influence the
expression pattern of certain molecules including adhesion receptors. To determine if
retinoid exposure permanently imprints cellular adhesiveness, RPMI 8866 cells were
initially exposed to 9-cis-RA for 72 hrs. The cells were washed and cultured in the absence
of retinoid for various times sufficient for propagation. As a positive control, the exogenous
integrin activator Mn++ was added to vehicle cells to insure measurable adhesion at all time
points. Adhesion returned to basal levels on the ADAM substrate within 240 hrs of retinoid
removal (Fig. 3).

3.4 9-cis-RA Stimulated RPMI 8866 B-cell Adhesion is Attenuated by Corticosteroids
Retinoids promote inflammatory processes with respect to trans-endothelial migration,
tissue infiltration, and cytokine production. Our current results suggest that retinoids may
additionally contribute to the inflammatory response by stimulating cell adhesion to specific
substrates involved in the immune response such as VCAM-1. In our study, we tested the
adhesive effect of co-culturing cells with 9-cis-RA with two anti-inflammatory
corticosteroids. As shown in Figure 4A, the presence of methylprednisolone (MPSS)
potently attenuated cell adhesion to sVCAM-Fc within a 24 hour time period of
administration in a dose-dependent manner. The dampened adhesion was not due to lower
levels of integrin expression (data not shown) or function since cells treated with MPSS and
retinoid were adherent upon integrin activation (Fig. 4B). Dexamethasone, a structurally
distinct synthetic corticosteroid, elicited similar dampening of cell adhesion as MPSS (Fig.
4B).
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3.5 Integrin-independent RPMI 8866 Cell Adhesion is Induced Specifically by Vitamin A
Derivatives

Since at-RA and 9-cis-RA induce RPMI 8866 B-cell adhesion, we investigated if 13-cis-RA,
another biologically relevant retinoid isomer, also prompts adhesion. As shown in Figure
5A, 13-cis-RA stimulated RPMI 8866 B-cell adhesion to immune ligands at levels
comparable to 9-cis-RA. Due to its emergence as a mediator of immune function and its
capacity to bind receptors known to pair with RXRs, the potentially adhesive effects of 1,25-
dihydroxy vitamin D3 (calcitriol) was also examined. The two predominate forms of vitamin
K have not been reported to contribute directly to immunity and were employed as negative
controls. The reported RPMI 8866 cell adhesion is specific to vitamin A derivatives as 1,25-
dihydroxy vitamin D3 or vitamin K did not induce adhesion above levels obtained with
vehicle alone (Fig. 5A).

To ensure the adhesion obtained with 13-cis-RA treatment is analogous to that prompted by
9-cis-RA, adhesion assays were repeated with RPMI 8866 cells treated with 13-cis-RA and
select integrin inhibitors. In contrast to cells activated with Mn++, integrin inhibition did not
adversely impact the extent of cell adhesion with cells treated with 13-cis-RA (Fig. 5B and
5C). These results suggest that retinoids are activating a common, novel adhesion event in
RPMI 8866 cells.

3.6 Human Immune Lineages Employ Divergent Adhesion Mechanisms Upon 9-cis-RA
exposure

To elucidate if the observed adhesion induced by 9-cis-RA is a ubiquitous response, a
variety of established human hematopoietic immortal cell lineages were assessed for their
ability to augment cellular adhesion upon retinoid exposure. The blood lineages tested were
comprised of three Burkitt’s B-cell lines (Daudi, Raji, Ramos), four T-cell lineages (Jurkat,
MOLT-4, CCRF-CEM, HuT-78), one monocytic line (U937), two acute promyelocytic
leukemia (APL) derived lines (NB4, HL-60), and one erythroleukemic line (K562). Among
the diverse cells evaluated, the cutaneous T-lymphoma cell line HuT78, the APL cell line
NB4, and the monocytic lineage U937 exclusively generated adhesion levels significantly
above vehicle when cultured with 9-cis-RA (Fig. 6A). To assess integrin contribution to the
retinoid mediated augmented adhesion, adhesion assays were repeated with the three
responsive cell lines with and without EDTA. As evident in Figure 6B, the adhesion of
HuT78 and NB4 cells induced by 9-cis-RA is reliant upon the presence of divalent cations.
These findings are indicative of integrin contribution and are consistent with literature
reports of at-RA treated NB4 cells. In contrast, the U937 monocyticline maintained cell
adhesion in the absence of divalent cations; a trend similar to that observed with the RPMI
8866 cells.

3.7 The Human Monocytic Cell Line U937 Augments Integrin-Independent Adhesion in
Response to 9-cis-Retinoic Acid

Although 9-cis-RA is capable of inducing a robust adhesion response, our data suggest that
this response is cell-type specific. To evaluate if 9-cis-RA impacts the adhesion of immune
lineages other than lymphocytes, we tested the ability of U937 cells, a human monocytic cell
line, to mediate integrin independent cell adhesion. A number of studies have reported that
U937 cells are retinoid responsive with respect to differentiation, proliferation and cytokine
production. U937 cells were cultured for various times in the presence of 1 μM at-RA or 9-
cis-RA and cell adhesion assays were repeated as previously described. As shown in Figure
6C, U937 cell adhesion to immobilized sVCAM-Fc was dependent upon both the presence
of the retinoid and exposure time. The relative number of adherent cells reported at the 144
hr retinoid exposure is increased 3-fold compared to the 72 hr treatment. 9-cis-RA adhesion
values obtained at the 144 hr treatment are similar to values obtained with vehicle treated
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U937 cells in buffer containing the exogenous integrin activator Mn++. Similar results were
obtained with at-RA (Fig. 6C). To assess if the observed 9-cis-RA induced adhesion was
attributable to integrin recognition, we employed function-blocking mAb to the α4 and β1
integrin subunits. These particular integrin subunits were targeted since the α4β1 integrin is
the predominant adhesion receptor for VCAM-1 and is highly expressed on U937 cells.
None of the inhibitors tested blocked 9-cis-RA treated U937 cell adhesion to sVCAM-Fc
(Fig. 6D). In contrast, U937 cells exposed to vehicle and activated with Mn++ demonstrated
greater than 90% reduction for all three inhibitors. These results suggest that 9-cis-RA
exposure to U937 cells induces adhesion to a classic immune substrate through a novel
mechanism that is not contingent on integrin function and mimics that reported earlier for
the RPMI 8866 B-cell line.

3.8 9-cis-Retinoic Acid promotes soluble binding of select immune ligands
We have demonstrated 9-cis-RA-mediated integrin-independent adhesion of specific
immune cell lineages to immobilized ligands via static cell adhesion assays. Since cell
adhesion is facilitated by cell surface interactions, the ability of 9-cis-RA to mediate soluble
ligand binding merits addressing. To establish whether retinoid-exposed cells were capable
of binding immune ligands in solution, flow cytometric analysis of U937 cells incubated
with increasing concentrations of sVCAM-Fc was performed (Fig. 7A). To hinder integrin-
facilitated cell surface binding, EDTA was included in the binding buffer. U937 cells
cultured with 9-cis-RA demonstrated a dose-dependent increase in sVCAM-Fc binding as
compared to vehicle treated cells. Similar binding trends were observed with ADAM28 Dis-
Fc (data not shown).

In a set of independent experiments, U937 cells were treated with the α4β1 ligand mimetic
connecting segment-1 (CS-1) peptide (Fig. 7B). The CS-1 peptide is derived from an
alternatively spliced region of fibronectin recognized by the integrin α4β1. Inclusion of the
CS-1 derived peptide with vehicle treated U937 cells completely abolished sVCAM-Fc
binding. In contrast, the CS-1 region had minimal effect on sVCAM-Fc cell surface binding
when U937 were exposed to 9-cis-RA.

The integrin-independent cell-surface binding of soluble protein ligands induced by 9-cis-
RA was also discriminatory. Consistent with the trend obtained with the static cell adhesion
assay (Fig. 1C), ADAM 28 Dis-Fc preferentially bound to U937 cells activated with 9-cis-
RA as compared to ADAM 12 Dis-Fc. Cell surface binding of the non-immune ADAM 12
Dis-Fc did not significantly increase upon 9-cis-RA treatment unlike the binding of ADAM
28 Dis-Fc. These data collectively demonstrate that 9-cis-RA induces selective adhesion of
immune ligands in solution.

3.9 Integrin-independent adhesion is induced in primary murine B-cells by 9-cis-RA
To determine if the novel adhesion observed for the immortal cell lines U937 and RPMI
8866 is exhibited by primary immune cells, we tested if murine B-splenocytes cultured ex
vivo in the presence of 9-cis-RA would adhere to sVCAM-1 in the presence of EDTA. As
shown in Figure 8A, EDTA significantly reduced the number of vehicle treated primary B-
cells adhering to sVCAM-1. However, if the primary cells were cultured in the presence of 1
μM 9-cis-RA for 48 hrs, EDTA did not reduce the level of adhering lymphocytes to a
significant extent. A summary of separate experiments established that primary B-cells
cultured in the presence of 9-cis-RA transitioned to integrin-independent adhesion as
compared to cells cultured with vehicle alone (Fig. 8B).
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4. Discussion
The current study assesses the role of retinoids in immune cell adhesion and establishes that
9-cis-RA is capable of promoting cell adhesion through dissimilar mechanisms in a variety
of established and primary immune cells. Prototypical interactions that facilitate firm
immune cell adhesion preceding diapedesis occur between integrin heterodimers and
counter-receptors such as VCAM-1. While the cutaneous T-lymphoma line HuT-78 and the
APL line NB4 augment cell adhesion in response to 9-cis-RA through established integrin
receptors, the selective, robust cellular adhesion response in RPMI 8866 human B-cells,
U937 monocytic cells, and primary mouse B-cells occurred through a novel integrin-
independent mechanism. Our data demonstrate that the adhesion observed with 9-cis-RA in
these three cell types occurred predominantly independent of integrin function with greater
than 80% of the observed adhesion persisting in the presence of various integrin neutralizing
agents. Collectively, these results suggest that 9-cis-RA can promote immune cell adhesion
through a classical integrin-dependent process as well as induction of a novel adhesion
receptor or complex capable of promoting firm arrest on established integrin ligands.

The observed 9-cis-RA dependent adhesion is reminiscent of the adhesion previously
reported with at-RA and seen in the current study with 13-cis-RA. Cell adhesion occurred
independent of integrin function, adhesion was maintained in the absence of divalent
cations, and the adhesion was cell type and immune ligand specific. These data suggest that
retinoids prompt immune cell adhesion through a related cellular adhesion receptor(s)and/or
pathway(s). In addition, these novel cellular adhesion effects are mitigated in the presence of
anti-inflammatory synthetic corticosteroids without diminished integrin expression or
function. These findings suggest 9-cis-RA transduces novel adhesion events through
proinflammatory signaling pathways. Recent studies substantiate such a model by reporting
retinoid enhancement of the human cyclooxygenase-2 promoter activity through RAR and
RXR action.

More refined isolation and detection methods have introduced debate over in vivo retinoid
isomer levels. Indeed, the relative physiological tissue-specific quantities of 9-cis-RA have
been speculated to be insufficient to activate RARs and RXRs. The unique integrin-
independent immune cell adhesion reported in our current work was also observed with the
13-cis-RA isomer. The 13-cis-RA isomer is readily detected in a variety of tissues including
secondary lymphoid tissue and may be the most abundant isomer within serum. In addition,
at-RA, the best-characterized isomer, produces adhesion effects comparable to those
reported here for 9-cis-RA (Fig. 6C).

Although not all lymphocytes tested were retinoid responsive, it is clear that retinoids
impact multiple types of immune cells including monocytes. Similar to lymphocytes,
monocytes employ integrins to facilitate firm adhesion to the endothelial cell wall and
promote extravasation from the vascular lumen to basement membrane and surrounding
stroma. We tested the human monocytic cell line U937 for the ability to modulate cellular
adhesion in response to 9-cis-RA exposure. Adhesion obtained with U937 cells at 72 hrs
was consistently lower compared to retinoid treated RPMI 8866 cells. Higher adhesion
numbers were obtained when U937 cells were exposed to retinoids for 96, 144 or 168 hrs
(Fig. 6C and data not shown). Activated U937 cells show an induction of select retinoid X
nuclear receptors. We suggest that the delayed retinoid dependent adhesive response
reported here may require induction of retinoid receptors.

A defining attribute of retinoid action is cellular differentiation. This feature of retinoid
biology is championed by the utilization of at-RA as an intervention for acute promyelocytic
leukemia patients. This retinoid-based strategy is characterized as a differentiation therapy
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and marks a milestone in molecular-based cancer therapies. In addition, retinoids have been
shown to be determinates for immune lineage subtypes partly by defining adhesion receptor
repertoires. Although retinoids imprint homing phenotypes to immune cells, the integrin-
independent adhesion reported currently was contingent upon the presence of the retinoid
stimulus. This finding would suggest that the induced adhesion requires de novo protein
synthesis of an unidentified protein receptor or activator. It was beyond the scope of the
current study to identify and isolate such a receptor.

The current study provides insight into the role of 9-cis-RA in immune cell adhesion. With
the obligate role of retinoids in the occupancy, establishment, and maintenance of lymphoid
tissues such as GALT, the current work provides a framework of how retinoids specifically
contribute to immune cell trafficking by influencing the propensity of ligand recognition by
immune cell types. In addition to the established role of retinoids in integrin biology and
function, we have unearthed a non-classical, integrin-independent mechanism whereby
retinoids promote immune cell adhesion. The two distinct retinoid-induced adhesion events
presently characterized have potential immunological implications into the amount and type
of retinoids that an organism consumes and is exposed. Chronic inflammation and
immunosuppressed states arise from aberrant immune cell trafficking and our findings
demonstrate that retinoids directly influence immune cell adhesion, a key aspect of immune
cell circulation. However, further studies are needed to elucidate the specific mechanisms by
which retinoids influence immune biology. To advance our understanding of the role of
retinoids in immunity, future studies will need to characterize the integrin-independent
retinoid induced adhesion receptor/complex, elucidate the signals that sensitize cells to
respond to retinoids with respect to adhesion, and determine nutritional parameters of
retinoid metabolism that are integral in immunomodulation.
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9-cis-RA 9-cis-retinoic acid

13-cis-RA 13-cis-retinoic acid

ADAM a disintegrin and metalloprotease

at-RA all-trans-retinoic acid

FITC fluorescein isothiocyanate

MFI mean fluorescent intensity

mAb monoclonal antibody
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RAR retinoic acid receptor

RXR retinoid X receptor

SD standard deviation

VCAM-1 vascular cell adhesion molecule-1
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Figure 1.
9-cis-RA exposure promotes human RPMI 8866 B-cell adhesion to multiple integrin
ligands. (A) Microtiter wells were coated with various concentrations of recombinant
sVCAM-1 protein. RPMI 8866 cells cultured for 72 hrs in the presence of vehicle (△), 1
μMt-RA (○) or 1 μM 9-cis-RA (■) were added to wells (2×105 cells/well) (B) Microtiter
wells were coated with various concentrations of recombinant ADAM28 Dis-Fc protein. As
in (A), RPMI 8866 cells cultured for 72 hrs in the presence of vehicle (△), 1 μM t-RA (○)
or 1 μM 9-cis-RA (■). (C) RPMI 8866 cells cultured for 24 hrs with vehicle or 1 μM 9-cis-
RA. Vehicle treated cells in buffer containing no integrin activator (shaded bars), or in
buffer containing the exogenous integrin activator Mn++ (white bars) and 9-cis-RA treated
cells (black bars) were added to wells as previously described. Cells were incubated with
5μg/mL of human sVCAM-Fc, human ADAM28, or human ADAM12 Dis-Fc recombinant
proteins. (D) RPMI 8866 cells were exposed to the indicated concentration of 9-cis-RA for
72 hrs. Adhesion assays were repeated as in (A) with wells coated with 3 μg/mL sVCAM-
Fc. All results shown are the average ± SD of triplicate determinations.
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Figure 2.
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9-cis-RA stimulates integrin-independent RPMI 8866 B-cell adhesion. (A) Cell adhesion
assays were repeated as previously described. Function-blocking monoclonal antibodies to
the individual integrin subunits listed on the ordinate were added at a final concentration of
5 μg/mL. The pan-integrin blocker EDTA was added at a final concentration of 5 mM.
RPMI 8866 cells cultured for 72 hrs in the presence of vehicle (white bars) or 1μM9-cis-RA
(black bars) were added to wells coated with 3μg/mL of recombinant sVCAM-Fc. As a
positive control for integrin-dependent adhesion, vehicle cells were resuspended and added
to wells in buffer containing the exogenous integrin activator Mn++. (B) The cells from a 72
hr time point and integrin inhibitors described in (A) were repeated with wells coated with
5μg/mL of ADAM28 Dis-Fc. Percent inhibition = (1−[adherent cells(inhibitor)−adherent
cells(BSA)]/[adherent cells(no inhibitor) − adherent cells(BSA)])×100. Data displayed are the
average inhibition values ± SD from at least two experiments each done in triplicate.

Whelan et al. Page 18

J Nutr Biochem. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
9-cis-RA exposure does not imprint adhesion to RPMI 8866 progeny cells. RPMI 8866 cells
were initially exposed to 1 μM 9-cis-RA for 72 hrs. After 72 hrs, cells were pelleted,
conditioned media containing retinoid was removed, and cells were further propagated in
culture media lacking 9-cis-RA. Adhesion assays were performed with the ADAM28 Dis-Fc
substrate as previously described at the indicated times post-wash(abscissa). Shown are data
from a representative experiment done in triplicate ± SD.
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Figure 4.
Synthetic corticosteroids potently dampen retinoid induced B-cell adhesion without altering
integrin function. RPMI 8866 cells were cultured in the presence of 0.5 μM 9-cis-RA (white
bars) or equimolar concentration of ethanol (black bars) for 72 hrs. MPSS was administered
to retinoid-exposed cells 24 hrs before assaying at the indicated concentrations. Adhesion
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assays were repeated with 3 μg/mL VCAM-Fc as described previously. (B) RPMI 8866
cells cultured in the presence of 0.5μM 9-cis-RA or equimolar concentration of ethanol for
72 hrs. Where indicated (+) MPSS or Dex was added for the final 24 hrs of culture at 0.1
mg/mL. Cell adhesion assays were repeated with wells coated sVCAM-Fc (■) or ADAM
Dis-Fc (□). Mn++ was added where indicated to exogenously activate integrin function.
Results shown are triplicate determinations of a representative experiment ± SD.
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Figure 5.
RPMI 8866 integrin-independent cell adhesion is specifically induced by retinoids. (A)
Various stimuli were cultured with RPMI 8866 tested to determine if their presence
augments human B-cell adhesion to ADAM28 Dis-Fc. All vitamin or vitamin derivatives
were incubated with RPMI 8866 cells for 72 hrs at 1 μM (B) RPMI 8866 B-cells were
cultured in the presence of 1 μM 13-cis-RA or equimolar concentration of vehicle for 72 hrs
and evaluated for adhesion on 3μg/mL sVCAM-Fc in the presence or absence of EDTA. For
a positive control of integrin-dependent adhesion, 1 mM of Mn++ was added to the buffer.
(C) Adhesion assays were repeated with RPMI 8866 cells stimulated with 13-cis-RA in the
presence of the integrin inhibitors P1H4 (function blocking anti-α4) or EDTA. Displayed
are the results obtained from three separate inhibition experiments each done in triplicate
with 5 μg/mL of ADAM28 Dis-Fc ± SD.
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Figure 6.
9-cis-RA dependent cell adhesion is cell specific. (A) Assorted human immortal blood cell
lineages cultured for 72 hrs in the presence of vehicle (white bars) or 1 μM 9-cis-RA (black
bars) were assessed for adhesion to immobilized sVCAM-Fc or ADAM28 Dis-Fc. (B)
HuT-78, NB4, and U937 cells exposed to 1 μM 9-cis-RA for at least 72 hrs and
subsequently evaluated for adhesion to of 3 μg/mL sVCAM-Fc in the presence or absence
of 5 mM EDTA. (C) U937 cells were cultured for 72 (shaded bars), 96 (white bars) or 144
hrs (black bars) in the presence of vehicle (ethanol), or 1 μM of indicated retinoid. Adhesion
assay were conducted as previously described with wells coated with 5 μg/mL of sVCAM-
Fc. (D) U937 cells cultured for 96 hrs in the presence of vehicle or 1 μM 9-cis-RA were
added to wells coated with 5μg/mL of sVCAM-Fc in the presence of various integrin
inhibitors. Data shown are the average percent inhibition values obtained from three
experiments each done in triplicate ± SD. * signifies a significant difference between
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adhesion values obtained with vehicle versus 9-cis-RA treated cells (Student’s t-test,
p<0.01).
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Figure 7.
9-cis-RA induces soluble binding of immune ligands to the U937 cell surface. (A) U937
cells were treated with vehicle (white bars)or 1 μM 9-cis-RA (black bars) for 96 hrs prior to
incubation with the indicated concentrations of sVCAM-Fc (μg/mL). Mean fluorescence
intensity (MFI) was assessed via flow cytometric analysis. (B) Cells were treated as in (A).
Incubation with sVCAM-Fc (50 μg/mL) was done in the presence of the α4β1 ligand
mimetic, CS-1 peptide (500 μg/mL). Data shown are the average percent inhibition done in
triplicate ± SD. * signifies a significant difference between MFI values obtained with
vehicle versus 9-cis-RA treated cells (Student’s t-test, p<0.01). (C) Cells were treated as
described with vehicle (white bars) or 9-cis-RA (black bars) followed by incubation with 50
μg/mL of ADAM 28 Dis-Fc or ADAM 12 Dis-Fc, MFI was assessed via flow cytometric
analysis. Experiments were performed in triplicate ± SD (Student’s t-test, p<0.01).
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Figure 8.
Integrin-independent cell adhesion is induced in primary murine B-cells by 9-cis-RA. (A)
LPS-stimulated murine splenocytes were cultured for 48 hrs in the presence of vehicle or 1
μM 9-cis-RA. Cells were added to wells coated with 1 μg/mL of sVCAM-1 in the absence
(white bars) or presence of 5 mM EDTA (black bars). Representative data shown were done
in triplicate ± SD. (B) The average inhibition values obtained from four separate adhesion
experiments utilizing 0.5–1.0 μg/mL of sVCAM-1 are shown. * represents a significant
difference of adhesion values between wells containing or lacking EDTA (Student’s t-test,
p<0.01).

Whelan et al. Page 30

J Nutr Biochem. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


