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Abstract
CD13 is a large cell surface peptidase expressed on the monocytes and activated endothelial cells
important for homing to and resolving the damaged tissue at sites of injury. We have previously
shown that crosslinking of human monocytic CD13 with activating antibodies induces strong
adhesion to endothelial cells in a tyrosine kinase- and microtubule-dependent manner. In the
current study we examined the molecular mechanisms underlying these observations in vitro and
in vivo. We found that crosslinking of CD13 on U937 monocytic cells induced phosphorylation of
a number of proteins, including Src, FAK and ERK and inhibition of these abrogated CD13-
dependent adhesion. We found that CD13 itself was phosphorylated in a Src dependent manner,
an unexpected finding as its 7 amino acid cytoplasmic tail was assumed to be inert. Furthermore,
CD13 was constitutively associated with the scaffolding protein IQGAP1 and CD13
crosslinkinginduced complex formation with the actin-binding protein α-actinin, linking
membrane-bound CD13 to the cytoskeleton, further supporting CD13 as an inflammatory
adhesion molecule. Mechanistically, mutation of the conserved CD13 cytoplasmic tyrosine to
phenylalanine abrogated adhesion, Src, FAK and ERK phosphorylation and cytoskeletal
alterations upon antibody crosslinking. Finally, CD13 was phosphorylated in isolated murine
inflammatory peritoneal exudate cells and adoptive transfer of monocytic cell lines engineered to
express the mutant CD13 were severely impaired in their ability to migrate into the inflamed
peritoneum, confirming that CD13 phosphorylation is relevant to inflammatory cell trafficking in
vivo. Therefore, this study identifies CD13 as a novel, direct activator of intracellular signaling
pathways in pathophysiological conditions.

Introduction
During the inflammatory response following tissue injury or infectiona subset of blood
leukocytes, the monocytes, migrate from the blood into tissues where they differentiate into
macrophages or dendritic cells (1). These cells critically contribute to wound repair by
removing matrix debris and dead cells and secreting cytokines and growth factors to enable
activation of reparative cells and regeneration of damaged tissue (2-4). However, excessive
or prolonged inflammation can also contribute to tissue damage, highlighting the
significance of proper control of the inflammatory process. Adhesion molecules expressed
on the surface of monocytes and endothelial cells play a vital role in regulating trafficking
and many of the key players and regulatory processes in inflammatory trafficking have been
identified (5). However, despite the extensive studies of monocyte trafficking and homing,
current treatment is often inadequate suggesting that novel, alternate molecular mechanisms
must exist to direct monocyte trafficking in vivo during infection and inflammation.
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CD13 is a multifunctional cell surface ectopeptidase that is expressed on monocytes and
macrophages, among others, and is significantly upregulated on endothelium at sites of
inflammation (6). We have recently shown that independent of its enzymatic activity, CD13
can function as a homotypic adhesion molecule where it mediates monocyte/endothelial
interactions in inflammatory trafficking in response to monoclonal antibody crosslinking
[mAb, (7, 8)]. We and others have shown in vitro that crosslinking of monocytic CD13
alsoinduces calcium fluxes and activation of the Ras/MAPK pathway and PI-3K
(Phosphatidylinositol 3-Kinase)(9, 10). Here we have examined the molecular consequences
of CD13 crosslinking and signal transduction in detail and discovered that CD13
crosslinking leads to activation of the FAK, Src and ERK kinases and the tyrosine
phosphorylation of CD13 itself. This phosphorylation enables CD13 to associate with
cytoskeletal adapter proteins such as α-actinin and IQGAP and induces cytoskeletal
changes, enabling tyrosine kinase-dependent adhesion. Importantly, mutation of the single
tyrosine (Tyr6) to phenylalanine in the CD13 cytoplasmic tail completely abrogated
crosslinking-induced monocytic adhesion when expressed in monocytic cells and
significantly impaired trafficking to the inflamed peritoneum, further validating CD13 as a
signal transducing monocytic adhesion molecule.

Materials and Methods
Reagents

Reagents were obtained from the following sources: U937 cells- ATCC (Manassas, VA);
WEHI 78/24 monocytic cell line- Dr. Catherine Hedrick (La Jolla Institute for
Immunology); mouse anti-human mAb CD13 (clone 452)- Dr. Meenhard Herlyn (The
Wistar Institute of Anatomy and Biology, Philadelphia, PA); Anti-phosphotyrosine, anti-α
actinin and anti-IQGAP1 antibodies-BD Biosciences (San Jose, CA); Control mouse IgG-
Biolegend (San Diego, CA); TRITC-phalloidin, anti-GAPDH and α-tubulin antibody,
fluorescent PKH26 and PKH67- Sigma (St. Louis, MO). Anti-β actin antibody- Abcam
(Cambridge, MA), anti-phospho-Src and phospho-FAK (Cell Signaling, Danvers, MA).
HRP-conjugated secondary antibodies- KPL (Gaithersburg, MD); Src kinase inhibitors (PP2
and Herbimycin), PD 98059 and Syk inhibitor- EMD Millipore (San Diego, CA) FAK
inhibitor and anti-phospho-ERK (Santa Cruz Biotech).

Mice
CD13 global KO mice were generated at the Gene targeting and Transgenic Facility at
University of Connecticut (8). For all experiments 6-8 week old FVB mice were used in
accordance with Institutional and Office of Laboratory Animal Welfare guidelines.

Retroviral Vector Construction and Infection
Both full-length human (11) and mouse (12) CD13 cDNA were individually cloned into
pcDNA/V5/GW/D-TOPO (Invitrogen, San Diego, CA). The V5 tagged CD13 was then
excised and cloned into the retroviral expression vector pBM-IRES-Puro (13). Mutation of
human and mouse CD13 tyrosine6 to phenylalanine (Y6F) was done using QuikChange II
Site-Directed Mutagenesis Kits (Santa Clara, CA). High titer virus preparations were
obtained using the Phoenix amphotropic packaging cell line (Orbigen, San Diego, CA) as
previously described (14). For infection of WEHI-78/24 cells, 1 × 105 cells were
resuspended in 5 mL virus stock in a 15 mL conical tube and centrifuged at 800 ×g for 30
min at 32 °C in the presence of 5 μg/ml polybrene. After infection, cells were cultured for 72
h in DMEM supplemented with 10% fetal bovine serum, antibiotics, L-glutamine. CD13-V5
overexpressing cells were enriched by puromycin selection (1 μg/ml for 36 h).
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Quantitative cell adhesion assay and CD13 cross-linking
Monocyte adhesion assays were performed as described previously (7). In brief calcein
labeled U937 monocytic cells were treated with activating anti-CD13 452 mAb for 30 min
with or without kinase inhibitor pretreatment, washed and allowed to adhere to human CD13
expressing C33A monolayer cells for indicated time intervals, lysed and fluorescence read at
485/530 nm and expressed as relative fluorescence unit (RFU).

For cross-linking of CD13 on U937 or WEHI 78/24 monocytes, cells were incubated with
control IgG or anti-CD13 452 mAb in buffer A (HBSS, 20.0 mM HEPES and 0.1 % BSA)
or culture medium with 10.0% FBS for indicated time at 37°C in a humidified 5% CO2
incubator.

Immunoblotting
Immediately after cross-linking, the reaction was stopped by adding 5 mL of cold PBS and
washed once. Cells were lysed in 1.0% NP-40 lysis buffer (20.0 mM HEPES pH 7.4, 150
mM NaCl and 1.0% NP-40) with protease inhibitor cocktail (Roche) and phosphatase
inhibitors. Lysates were cleared by centrifugation at 7,000 rpm for 15 min. Proteins or
immunoprecipitates were diluted with 4× sample buffer and resolved by 10% SDS-PAGE
and electrotransfered onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA)
followed by probing with the relevant primary Ab (1:1000), followed by HRP-conjugated
secondary Ab (1:5000) and detected using the ECL- kit (Thermoscientific, USA). Bands
were quantitated using NIH Image J software.

Immunoprecipitation
To study the CD13 tyrosine phosphorylation and interactions with α-actinin and IQGAP1,
lysates were incubated overnight at 4°C with biotinylated anti-CD13 or biotinylated anti-
phosphotyrosine antibody. Streptavidin-agarose beads were added to the lysates and
incubated for 1 h at 4°C. Beads were washed three times with wash buffer (25.0 mM TrisCl
pH 8.0, 140 mM NaCl and 0.1% NP-40) and resuspended in Laemmle sample buffer.

Immunofluorescence
WEHI monocytic cells were fixed in 4% PFA for 10 min and permeabilized with Triton
X-100 (0.1% in PBS for 4 min), blocked with 2% BSA in PBS (37°C for 1 h). Cells were
incubated with TRITC labeled phalloidin (for 1 h at 37°C), washed and cytospin. Images
were acquired with Zeiss Axiocam camera (0.63× magnification) and processed by Zeiss
Axiovision software.

Peritonitis
Thioglycollate (1 mL; 4%) was injected into the peritoneal cavity. Cells were collected at
different times and used for western blot or flow cytometry analysis after adoptive transfer.

Flow Cytometry
Transfected WEHI monocytic cells were labeled with 452 anti-CD13 mAb to detect
expression of human CD13 followed by FITC-conjugated goat anti-mouse secondary
antibodies. Differentially labeled WEHI monocytes stably expressing murine CD13
(mCD13) or mCD13-Y6F accumulated in the peritoneal lavage or peripheral blood were
analyzed by flow cytometry. Untransfected WEHI cells labeled with PKH26 (red) and
PKH67 (green) were used as compensation controls. Flow cytometry was performed on
either Calibur or LSRII (Becton Dickinson). Data were analyzed using Flow-Jo software
(Tristar).
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Statistical analysis
Statistical differences between groups were analyzed by using unpaired, two-tailed t test or
one way ANOVA. Differences were considered significant at p<0.05.

Results
Key signaling molecules are phosphorylated upon in vitro cross-linking of CD13 in
monocytic cell lines

We have previously shown that monoclonal antibody crosslinking of CD13 on primary
human monocytes or monocytic cell lines induces their homotypic adhesion to endothelial
cells or epithelial cell lines engineered to express human CD13 in a tyrosine kinase-
dependent manner (7, 10). To begin to characterize the signal transduction pathways
induced by CD13 crosslinking, we probed lysates of U937 human monocytic cells for
tyrosine-phosphorylated proteins following treatment with the activating mAb 452. Results
indicated thata number of distinct proteins were tyrosine phosphorylated in a time dependent
manner (Fig. 1A). The molecular weights of several of the phosphorylated bands correlated
with known phosphoproteins that are associated with adhesion, such as focal adhesion
kinase (FAK, 125 kD), Extracellular signal-regulated kinase (ERK1/2, 42-44 kD) and Src
kinase (60 kD). Further analysis indicated that indeed, treatment of U937 cells with the
activating CD13 mAb 452 resulted in a temporal increase in phosphorylation of FAK,
ERKand Src kinases (Figs. 1B-D) suggesting that these kinases participate in CD13-induced
signal cascades.

Monocytic CD13 is phosphorylated in response to crosslinking
Antibody-mediated cross-linking of a number of classical cell surface adhesion molecules
stimulates their phosphorylation (15, 16). We observed that the size of a fourth prominently
phosphorylated band was consistent with CD13 itself (130-150kD). Interestingly, probing
complexes immunoprecipitated from 452 mAb-treated U937 cells using an epitope-distinct
anti-CD13 mAb for phosphotyrosine showed thatCD13is inducibly phosphorylated upon
crosslinkingin a time dependent manner, peaking at 30 minutes and decreasing thereafter
(Fig. 2A). This pattern mimics the kinetics of crosslinking-induced U937 adhesion to C33A
epithelial monolayers (CD13 negative) engineered to express humanCD13 [Fig 2B and ref
(7)]. To establish the potential in vivo relevance of CD13 phosphorylation in inflammatory
conditions where monocyte adhesion to endothelial cells is critical, we immunoprecipitated
cell lysates ofthe infiltrating peritoneal exudate cells of thioglycollate-treated animals with
anti-phosphotyrosine and probed for CD13 (Fig. 2C), indicating that CD13 is
phosphorylated in vivo under inflammatory conditions and thus may participate in adhesion
of monocytes during inflammation. In addition, CD13 expression is markedly higher in
activated peritoneal exudate cells when compared to resting cells (Fig 2D), consistent with
the expression of CD13 on infiltrating inflammatory cells at inflammatory sites.

Src kinase mediates crosslinking stimulated CD13 phosphorylation and cell adhesion
Src and spleen tyrosine kinase (SYK) are the primary tyrosine kinases that phosphorylate the
cell surface molecules mediating leukocyte adhesion (17). To determine whether these
kinases werealso responsible for CD13 phosphorylation and cell adhesion, we initially
investigated the effect of specific inhibitors of these kinases on the 452-activated adhesion
of U937 monocytes to CD13-expressing monolayers. The Src kinase inhibitor PP2
significantly blocked 452 mAb-induced adhesion while inhibition of SYK had no effect
(Fig. 3A). Furthermore, pretreatment of 452 mAb-induced monocytic cells with the Src
kinase inhibitors, PP2 or Herbimycin, blocked Src activation as well as CD13
phosphorylation, supporting an important role for Src in CD13 crosslinking-induced
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adhesion (Figs 3B-D). Finally, treatment of mAb-induced U937 cellswith specific inhibitors
of FAK and MEK also decreased their adhesion to CD13+ monolayers, suggesting that
activation of these kinases by CD13 crosslinking is required for CD13-dependent monocyte
adhesion (Fig 3E).

CD13 associates with cytoskeletal adaptor proteins
Actin polymerization is strictly required for monocyte adhesion to target cells and binding
affinity is often mediated by the nature of the cytoskeletal adaptor proteins that link
adhesion molecules to the cytoskeleton (18, 19). For example, “inside-out” activation of the
integrin adhesion molecules involves exchange of intracellular adaptor proteins which
induces conformational changes in the integrin extracellular domains, enabling high affinity
interactions (20). Similarly, antibody activation induces the formation of numerous actin
rich protrusions and that inhibition of microfilament assembly in monocytic cells abrogates
CD13-induced adhesion, demonstrating that CD13-induced signal transduction induces
cytoskeletal alterations that contribute to adhesion (7). To determine if CD13 also interacts
with cytoskeletal adaptors, we analyzed proteinsthat co-immunoprecipitated with CD13 in
lysates from U937 monocytes treated with activating mAb by Mass Spectrometry (data not
shown). One protein identified in our proteomic analysis of the CD13-containing complex
was the scaffold protein IQGAP1 that coordinates protein-protein interactions to regulate
microtubule networks, actin cytoskeletal organization and cell-cell adhesion (21-23). Co-
immunoprecipitation and Western blot analysis indicated that CD13 and IQGAP1 are
present in the same complex, and that this interaction appears to be constitutive (Fig 4A).
Alternatively, tyrosine phosphorylation of a second protein identified in our analysis, α-
actinin, regulates its binding to integrin and thus controls inside out signaling (24). We
confirmed that CD13 and α-actinin do indeed co-immunoprecipitate by western blotting
(Fig. 4B) and that this interaction isdependent upon Src kinase phosphorylation astreatment
withPP2 or herbimycin blocks the interaction (Figs 4C, D). Finally, both CD13 and α-
actinin are tyrosine phosphorylated in the complex (Fig 4E). This crosslinking-dependent
complex formation may suggest that, similar to integrins, alterations in CD13 cytoskeletal
tethers upon crosslinkingmay be responsible for the increase in adhesion. Taken together,
these data would support a model where CD13 is linked to the cytoskeleton in resting cells
via a complex including IQGAP1 and thatCD13 crosslinking induces adhesion by enabling
its interaction with α-actinin and perhaps other cytoplasmic adaptor proteins to affect
cytoskeleton and microtubule-polymerization, resulting in increased adhesion.

Tyrosine 6 in the CD13 cytoplasmic tail is essential for crosslinking mediated adhesion
and activation of SRC, FAK and ERK kinases

Our next task was to identify which tyrosine residue in CD13 is phosphorylated and the
functional relevance of this modification. While CD13 contains a total of 45 tyrosine
residues, only Tyr6 (in a region conserved in humans and mice) is intracellular and thus
likely to be modified. We produced expression constructs encoding either wild type human
CD13 cDNA or containing a point mutation converting Tyr6 to a nonphosphorylatable
phenylalanine residue (Y6F) and created murine monocytic WEHI 78/24 cell lines (CD13lo)
stably expressing either wild type or Y6F human CD13. FACS analysis indicated cell
surface expression of both constructs at equivalent levels (Fig 5A). Analysis of these cell
lines in our adhesion assay revealed that mutation of Tyr6 in the cytoplasmic tail completely
abrogated crosslinking induced U937 monocyte adhesion to hCD13 expressing C33A
monolayer cells (Fig. 5B).

Because CD13 crosslinking in monocytes induced activation of the Src, FAK and ERK
kinases and their inhibition blocked subsequent adhesion, we asked if CD13
phosphorylation was also required for the activation of these kinases. Crosslinking of the
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WEHI cell lines expressing WT-hCD13 and the Y6F mutant with the 452 mAb
demonstrated that levels of Src, FAK and ERK phosphorylation were clearly reduced in
Y6F mutants after cross-linking (Figs.5C-E), indicating that CD13 phosphorylation at Tyr6
induces signaling cascades resulting in increased adhesion.

CD13 phosphorylation is required for crosslinking-induced cytoskeletal changes
As mentioned previously, we have shown that CD13 crosslinking induces striking
cytoskeletal changes as detected by phalloidin staining (7). To determine if CD13
phosphorylation was necessary for this aspect of monocyte activation, we treated the wild
type or Y6F CD13 cell lines with mAb 452, stained with TRITC-phalloidin and DAPI and
observed them by confocal microscopy (Fig 6A). Indeed, abrogation of CD13
phosphorylation disrupts the actin rearrangements induced in cells expressing wild type
CD13, consistent with the notion that crosslinking-dependent phosphorylation of CD13
enables its linkage to the actin cytoskeleton and increases adhesion.

CD13 phosphorylation is required for monocytic cell trafficking to inflammatory sites in
vivo

Ligand binding by many receptors induces their dimerization or clustering to initiate
downstream signaling and these signals can often be recapitulated by antibody treatment
(16, 25). While we believe that monoclonal antibody crosslinking of CD13 similarly mimics
the response to ligand, to date it remains an orphan receptor. To determine the in vivo
relevance of CD13 activation, we produced additional WEHI cell lines expressing wild type
or Y6F CD13murine cDNA. Adoptive transfer of mixtures of equal numbers of
differentially labeled populations into wild type animals subjected to thioglycollate-induced
peritonitis showed a marked inability of the mutant cells to infiltrate the peritoneal cavity
when compared to the wild type cells (Fig 6B). Importantly, experiments in which the dyes
were switched confirmed this data (not shown). Finally, equivalent numbers of both groups
of labeled cells remaining in the peripheral blood argues against an increase in antibody
dependent cell death upon mAb treatment of the cells prior to injection. Taken together,
these results indicate that crosslinking of CD13 leads to its phosphorylation, activation of
downstream kinases, interactions with cytoskeletal adaptor proteins which are required for
monocyte adhesion and trafficking to inflammatory sites (Fig 7).

Discussion
Adhesion of monocytes to endothelial cells during homeostasis and inflammation is a
carefully regulated process that involves the participation of cell surface adhesion
molecules, which are clustered and tyrosine phosphorylated upon ligand binding to increase
their adhesive capacity (15, 16). Independent of its enzymatic activity, we have found that
CD13 is also a homotypic adhesion molecule where crosslinking of monocytic CD13 with
an activating monoclonal antibody increases its adhesion to endothelial cells in a tyrosine
kinase and microtubule-dependent manner (7, 10). The goal of the present study was to
dissect the molecular consequences of CD13 crosslinking and the mechanisms regulating
this increased adhesiveness. Using the U937 monocytic cell line and the activating mAb 452
we found that mAb treatment induces activation of the FAK, ERK and Src tyrosine kinases
and Src-dependent tyrosine phosphorylation ofTyrosine6 in the CD13 cytoplasmic domain.
We demonstrate that CD13 constitutively complexes with the multifunctional cytoskeletal
adapter protein IQGAP and inducibly with the actin-binding protein α-actinin in a Src
kinase-dependent manner. Mutation of Tyr6to phenylalanine in the CD13 cytoplasmic tail
abrogates 452 mAb-stimulated FAK, ERK and Src activation and abrogates monocytic cell
adhesion in vitro and in vivo, providing further evidence for CD13as a bona fide
inflammatory adhesion molecule.
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Although it has been previously shown that crosslinking CD13 in monocytes activates
calcium fluxes, the Ras-MAP kinase pathway and PI-3 kinase (9, 10) the molecular
mechanisms and functional consequences of these observations have not been addressed.
The participation of both of these pathways likely reflects the extensive crosstalk and
feedback regulation between ERK and PI3K signaling downstream of RAS [reviewed in ref
(26)]. In the current study, we added an integral component of the Ras-MAPK pathway,
ERK, to the list of downstream molecules activated by CD13 and illustrated that it is
required forCD13-mediated adhesion. Interestingly, the other kinases implicated in CD13
adhesion are also closely interconnected. Src has been found to bind to FAK via the Src-
SH2 and stimulate subsequent FAK phosphorylation, generating binding sites on FAK for
SH2 domains of other downstream molecules, including PI3K (Phosphatidylinositol 3-
Kinase) and Rac. Rac and Raf promote activation of the ERKs through phosphorylation of
MEK1 and Raf1 to activate ERK1/2 via MEK1/2 (27). Furthermore, FAK has been
implicated in a number of PI3K-dependent functions (26). Finally, Ras and Src have been
implicated in the induction of calcium fluxes in various cell types (28-30), further linking
our findings with the published studies.

Tyrosine phosphorylation of surface proteins upon crosslinking of cell surface molecules by
mAbs or ligand is one of the earliest events in the activation of leukocytes during
inflammation (31-33). However, CD13's extremely short cytoplasmic tail (seven amino
acids) has long been assumed to be too small to be modified or to interact with the
cytoskeleton in any meaningful way (6). Surprisingly, we found that the single
juxtamembrane tyrosine residue of the CD13 cytoplasmic tail was indeed phosphorylated
and that this modification was necessary for both the increased adhesion in response to mAb
crosslinking and the trafficking of monocytes to the inflamed peritoneum. Furthermore, we
demonstrated that CD13 is likely phosphorylated by the Src nonreceptor protein tyrosine
kinase that is commonly activated in response to stimulation of a variety of cell surface
receptors such as tyrosine kinase receptors, integrin receptors, and G protein-coupled
receptors, and by cellular stress (34). Src also phosphorylates well-known adhesion
molecules like ICAM1 and CD31 upon antibody cross-linking (16, 25). Finally, the
activation of adhesion molecules stimulates downstream signaling pathways that are
required for adhesion. Similarly, we found that mAb crosslinking of monocytic CD13
induced the activation of the Src, FAK and ERK intracellular signaling proteins that have
well-established roles in inflammatory adhesion (35). Therefore, mechanisms induced by
crosslinking of CD13 appear to replicate the mechanisms and interactions of classical
adhesion processes.

We found that CD13 is present in a complex with the cytoskeletal adaptor proteins IQGAP1
and α-actinin. IQGAP1 is a multifunctional scaffolding protein that has been implicated in
numerous cellular processes underlying receptor activation, signal transduction and cell
adhesion [reviewed in ref (36)]. Interaction of IQGAP with its various transmembrane
receptor partners can be constitutive or regulated by ligand binding, and is often required for
receptor activation. Its constitutive association with CD13 in U937 cells suggests that CD13
activation is not necessary for complex formation, but whether this interaction is necessary
for CD13 phosphorylation remains to be determined. Interestingly, c-Src has been shown to
bridge interactions between IQGAP and VEGFR2 (37), which may be relevant to Src-
dependent CD13 phosphorylation. IQGAP1 is a prominent regulatory scaffold for the
MAPK pathway where it directly binds MEK-1 and ERK1/2 which again may be pertinent
to signaling downstream of CD13. Finally, IQGAP coordination of the Rho family of small
GTPases as well as direct interactions with actin, microtubules and cell adhesion molecules
allow it to regulate many processes underlying cell spreading, adhesion, and migration (36,
38, 39).
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Similarly, α-actinin is a prominent actin binding protein that interacts with many additional
partners to regulate cell-cell adhesion among many other cellular processes. α-actinin is
localized to the cytoplasmic face of many sites of cell-cell and cell extracellular matrix
adhesion, including leukocyte-endothelial contact sites where it binds to the cytoplasmic
tails of the classical as well as non-classical adhesion molecules to link them to actin and
microtubules (40-45). At these sites α-actinin serves to strengthen the site, maintain cell
shape, bind and organize signaling molecules at adhesion sites, increase avidity by
clustering adhesion molecules as well as control the activity of independent receptors. The
notion that similar interactions may regulate CD13-dependent adhesion is supported by
previous studies from our laboratory demonstrating that CD13 crosslinking in U937 cells
induced the formation of numerous actin rich protrusions visualized by staining with
fluorescently-labeled phalloidin (7). In addition, disruption of microtubule organization by
cytochalasin D completely blocked crosslinking-induced adhesion of U937 monocytic cells
(7, 10), suggesting these interactions are important for adhesion. Tyrosine phosphorylation
also regulates α-actinin's function. Phosphorylation of α-actinin at Y12 enables the
recruitment of Src to β1-integrin, and the subsequent interaction of FAK with Src to
augment FAK phosphorylation, thus contributing to cell adhesion (46, 47). In other studies,
α-actinin is phosphorylated by integrin-activated FAK, reducing its binding to actin (48).
We demonstrate that a tyrosine-kinase dependent interaction complex forms upon CD13
activation that contains both phosphorylated CD13 and α-actinin, but does not distinguish if
phosphorylation of both is required for these interactions. Taken together, the association of
IQGAP and α-actinin with CD13 may underlie many of the adhesive and cytoskeletal
changes seen upon CD13 crosslinking.

The activation of a number of cell surface adhesion molecules induces a rearrangement of
the adaptor proteins linking their cytoplasmic domains to the actin cytoskeleton (49-52).
First described for integrin heterodimers which are in a closed, low affinity conformation in
the resting state; activation induces unclasping of their cytoskeletal tethers, forcing a spatial
separation of the alpha and beta chain cytoplasmic domains leading to extracellular
conformational changes and increased binding affinity (53-55). Similarly, it is possible that
clustering-induced CD13 activation may provoke an analogous conformational change to
facilitate adhesion. Supporting evidence comes from the recent solution of the X-ray
structure of the human CD13 homodimer, revealing that it forms an arch-like structure on
the cell surface that can also assume both an open and closed conformation (56). Conversion
from one conformation to the other leads to a results in a large, 50Å spatial change in the
interval between the membrane anchoring domains, a conformational change that the
authors predicted to be sufficient to trigger signal transduction. While no predictions were
made regarding the adhesion capabilities of the open and closed conformations, the potential
for conformational change upon activation is consistent with known properties of
inflammatory adhesion molecules.

Finally, while antibody crosslinking of receptors and adhesion molecules often mimics the
ligand binding-dependent activation of signal transduction cascades, no ligand has yet been
identified for CD13. Our demonstration that CD13 is phosphorylated in the infiltrating
exudate cells of the inflammatory peritoneum and that mutation of the Tyr6 phosphorylation
site abrogates the homing of adoptively transferred, untreated monocytic cells supports the
in vivo relevance of the current study and confirms that monocytic CD13 is activated under
inflammatory conditions in vivo. In support of this notion, CD13 is the receptor for the
human coronavirus HCov229E and we have shown that virus binding induces monocyte
adhesion (7, 57). The fact that a number of viruses exploit adhesion molecules as receptors
to gain access to tissues (58-64) reinforces CD13-activated adhesion as a physiological
process. Therefore, our demonstration that CD13 phosphorylation underlies its signal
transduction and inflammatory adhesion functions licenses CD13 as a novel, direct activator
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of intracellular signaling pathways in pathophysiological conditions. Further studies will
determine how this unique inflammatory adhesion and signaling molecule integrates with
classical mechanisms of inflammatory cell trafficking.
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Figure 1. CD13 crosslinking induces tyrosine phosphorylation
U937 monocytic cells were stimulated by crosslinking CD13 with anti CD13 452 mAb (1.0
μg/mL) or control IgG (1.0 μg/mL) for the indicated periods of time. Samples were resolved
on SDS-PAGE gels and analyzed by Western blotting using: A) anti-phosphotyrosine, B)
anti-phospho-FAK Tyr925 and C) anti-phospho ERK1, D) anti-phospho Src Tyr416. Graphs
of quantitative data combine 3 separate experiments.
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Figure 2. CD13 is tyrosine phosphorylated upon 452-mAb crosslinking
A) U937 cells were treated for the indicated times with 452 mAb (1.0 μg/mL) or control IgG
(1.0 μg/mL). Lysates were immunoprecipitated with biotinylated anti-CD13 mAbs. Samples
were resolved on SDS-PAGE gels and analyzed by Western blotting using anti-
phosphotyrosine and CD13 antibodies. Quantitative data combine 3 separate experiments.
B) Time course of CD13 crosslinking-induced adhesion of U937 monocytes. Calcein
labeled U937 monocytes were treated with activating 452 mAb for 30 min and after
washing, allowed to adhere to human CD13 expressing C33A monolayer cells for indicated
periods of time, lysed and calcein fluorescence read at 485/530 nm and expressed as relative
fluorescence unit (RFU). *; p<0.05, ***; p<0.001, ns; not significant. C) Peritoneal lavage
cells collected from mice with thioglycollate induced peritonitis at day 2 or 4, were lysed
and immunoprecipitated with biotinylated anti-pTyr antibody and probed with the anti-
mouse CD13 antibody, SL13. D) Peritoneal lavage cells were collected from thioglycollate
treated (48h) or untreated controls (resident immune cells) and probed for mCD13 by
western blot analysis. n=3 mice for TG treated, resident cells were pooled from 3 mice.
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Figure 3. Src Kinase mediates CD13 tyrosine phosphorylation and adhesion
A) U937 monocytes were pretreated with vehicle or the Src kinase inhibitor PP2 (10.0 μM)
or the SYK kinase inhibitor (10.0 μM) for 30 min, crosslinked with 452 mAb and allowed to
adhere to human CD13 expressing C33A monolayer cells, lysed and fluorescence
quantitated. Results were expressed as relative fluorescence units (RFU). ***; p<0.001.B-D)
U937 monocytes were pretreated with vehicle or Src Kinase inhibitors PP2 (B, C 10.0 μM)
or Herbimycin (D, 10.0 μM) for 30 min, crosslinked with 452 mAb for 30 min and lysates
probed for B) phospho-Src or C, D) immunoprecipitated with biotinylated anti-CD13 Abs.
Immunoprecipitated samples were probed with anti-pTyr or anti-CD13 antibodies. E) U937
cells were pretreated with vehicle, FAK inhibitor 14 (5.0/20.0 μM) or MEK1 inhibitor
PD98059 (10.0 μM) for 30 min, crosslinked with 452 mAb and allowed to adhere to human
CD13-expressing C33A monolayer cells, lysed and fluorescence read at 485/530 nm.
Results were expressed as relative fluorescence unit (RFU). ***; p<0.001. Graphs of
quantitative Western blot data combine 3 separate experiments.
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Figure 4. CD13 forms complexes with cytoskeletal adapter proteins
U937 cells were crosslinked with control IgG or anti-CD13 452 mAb (1.0 μg/mL) for
indicated period of time, lysates immunoprecipitated with biotinylated anti-CD13 mAbs and
probed for A) IQGAP1 and CD13 or B)α-actinin and CD13. C, D) U937 monocytes were
pretreated with vehicle or Src Kinase inhibitors PP2 or Herbimycin for 30 min, crosslinked
with control IgG or 452 mAb for 30 min, lysates were immunoprecipitated with biotinylated
anti-CD13 mAbs and probed for α-actinin and CD13. E) U937 cells were cross-linked with
control IgG or anti CD13 452 mAb for the indicated periods of time, lysates
immunoprecipitated with biotinylated anti-pTyr antibody and probed for α-actinin1 and
CD13. Graphs of quantitative Western blot data combine 3 separate experiments.

Subramani et al. Page 16

J Immunol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Mutation of the CD13 cytoplasmic tail attenuates crosslinking-induced monocyte
adhesion and signaling
A) WEHI 78/24 mouse monocytic cells stably expressing human CD13 (hCD13) or human
CD13 with tyrosine6 mutated to phenylalanine (Y6F) were analyzed for hCD13 expression
by flow cytometry. B) Calcein labeled empty vector (EV) or hCD13 or Y6F hCD13
expressing cells were treated with control IgG or activating 452 mAb (5.0 μg/mL) for 30
min, washed, allowed to adhere to human CD13 expressing monolayer cells for 30 min,
lysed and fluorescence read at 485/530 nm. **; p<0.01. C-E) hCD13 or Y6F hCD13
expressing WEHI cells were treated with IgG or 452 mAb for 30 min. and analyzed by
western blot using C) anti-phospho-Src, D) anti phospho-FAK Tyr925 and E) anti-phospho
ERK1. Data combine 3 separate experiments.
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Figure 6. CD13 tyrosine mutants (Y6F) do not undergo cytoskeletal changes and show impaired
trafficking in vivo
A) hCD13 or Y6F hCD13 expressing WEHI cells were treated with antiCD13 452 mAb (5.0
μg/mL) for 15 min at 37°C, fixed, permeabilized, and stained with TRITC-conjugated
phalloidin. Blue; DAPI (nucleus) and Red; Phalloidin. Data are representative of 2 separate
experiments. B) Equal numbers of WEHI CD13 negative mouse monocytes stably
expressing murine CD13 (mCD13) or mCD13-Y6F were differentially labeled with the
fluorescent dyes PKH26 (red) and PKH67 (green) and adoptively transferred into mice via
tail vein, followed by thioglycollate injection. After 48h, peritoneal lavage and peripheral
blood cells were subjected to flow cytometric analysis (n=4 mice). **; p<0.01.
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Figure 7. Schematic representation of CD13 crosslinking-induced signaling and adhesion
i) In resting monocytic cells CD13 is present in association with IQGAP1. ii) mAb
crosslinking of CD13 induces clustering of CD13, activation of Src kinase, tyrosine
phosphorylation of CD13, activation of FAK and ERK kinases and complex formation
between α-actinin and CD13, and potentially other components of the Ras/MAPK and
PI-3K pathways as has been reported (9, 10), resulting in iii), increased adhesion of
monocytic CD13 to endothelial or monolayer CD13.
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