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Abstract

Aminopeptidase N/CD13 is expressed by fibroblast-like synoviocytes (FLS) and monocytes 

(MNs) in inflamed human synovial tissue (ST). This study examined the role of soluble (s)CD13 

in angiogenesis, MN migration, phosphorylation of signaling molecules, and induction of arthritis.

The contribution of sCD13 was examined in angiogenesis and MN migration using sCD13, and 

CD13-depleted RA synovial fluids (SFs). An enzymatically inactive mutant CD13 and intact wild-

type (WT) CD13 were used to determine whether its enzymatic activity contributes to the arthritis-

related functions. CD13-induced phosphorylation of signaling molecules was determined by 

Western blotting. The effect of sCD13 on cytokine secretion from RA ST and RA FLS was 

evaluated. sCD13 was injected into C57Bl/6 mouse knees to assess its arthritogenicity.

sCD13 induced angiogenesis and was a potent chemoattractant for MNs and U937 cells. Inhibitors 

of Erk1/2, Src, NFκB, Jnk, and PT, a G protein-coupled receptor inhibitor, decreased sCD13-

stimulated chemotaxis. CD13-depleted RA SF induced significantly less MN migration than 

sham-depleted SF, and addition of mutant or WT CD13 to CD13-depleted RA SF equally restored 

MN migration. sCD13 and recombinant WT or mutant CD13 had similar effects on signaling 

molecule phosphorylation, indicating that the enzymatic activity of CD13 had no role in these 
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functions. CD13 increased the expression of pro-inflammatory cytokines by RA FLS, and a CD13 

neutralizing antibody inhibited cytokine secretion from RA ST organ culture. Mouse knee joints 

injected with CD13 exhibited increased circumference and pro-inflammatory mediator expression. 

These data support the concept that sCD13 plays a pivotal role in RA and acute inflammatory 

arthritis.

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease that causes chronic inflammation and 

destruction of the joints (1). RA fibroblast-like synoviocytes (FLS) and monocytes/

macrophages contribute to the joint inflammation by secreting many pro-inflammatory 

factors, promoting angiogenesis, and contributing to joint damage (1–5). An imbalance in 

cytokines and chemokines in RA joints leads to the infiltration of the synovium with 

leukocytes (2, 6). Monocyte (MN) ingress and secretion of pro-inflammatory cytokines 

amplify the effects of autoimmune responses, resulting in persistent inflammation and 

progressive destruction of the tissues.

Aminopeptidase N/CD13 is a metalloproteinase which is highly expressed by tumor cells, 

RA FLS, MNs, endothelial cells (ECs), and mesenchymal stem cells (MSCs) (7, 8). CD13 is 

a transmembrane protein, that also exists in shed and secreted soluble forms (9). CD13 has 

been identified in synovial tissue (ST) by immunostaining (10). CD13 is also found in 

soluble form in serum and synovial fluids (SFs) (11). The concentrations and enzymatic 

activity of soluble (s)CD13 are significantly higher in RA SFs than in osteoarthritis (OA) 

SFs or RA sera (12). sCD13 is a potent chemoattractant for T cells and induces cytokine-

activated T cell (Tck) migration via G protein-coupled receptors (GPCRs) (12). CD13 plays 

an important role in MN recruitment into the peritoneum in an acute inflammatory model of 

peritonitis (7, 13). Cross-linking of membrane bound CD13 induces the phosphorylation of 

mitogen-activated protein kinases (MAPK) Erk1/2, JNK, and P38 in MNs (7, 14).

Here we determined the role of sCD13 in angiogenesis and MN migration. We assessed 

whether its enzymatic activity contributes to MN migration. Signaling molecules 

phosphorylated by sCD13 were examined in RA FLS. Furthermore, we measured sCD13-

induced production of pro-inflammatory cytokines in RA ST and FLS, and examined the 

ability of sCD13 to induce MN ingress to synovium and acute inflammatory arthritis in 

mice.

Materials and Methods

Cell culture and mice

All procedures involving specimens obtained from human subjects were performed under a 

protocol approved by the University of Michigan Institutional Review Board. Human dermal 

microvascular endothelial cells (ECs) (passage 5–8) were maintained in endothelial cell 

basal medium (EBM) with media supplements and 5% fetal bovine serum (FBS, Lonza, 

Walkersville, MD). MNs were isolated from the peripheral blood (PB) of healthy volunteers 

using the MN Isolation Kit II from Miltenyi Biotec. RA FLS were harvested from human 
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STs obtained at arthroplasty or synovectomy from RA joints and propagated as cell lines, 

which were used at passages 3–8 (15, 16). MN, U937 cells (A human monocytic cell line 

from ATCC), or RA FLS were maintained in RPMI with 10% FBS. Before stimulation with 

sCD13, media were switched to reduced serum media, RPMI with 0.1% FBS. Female 

C57BL/6 wild type (WT) mice (8–10 weeks old) were purchased from the Jax laboratory. 

All the experiments with mice were performed with approval from the Institutional Animal 

Care and Use Committee (IACUC).

EC chemotaxis

EC chemotaxis was performed in a modified Boyden chamber (17–20). Test substances 

included phosphate buffered saline (PBS, negative control), basic fibroblast growth factor 

(bFGF, 60 nM, positive control), and sCD13 (R&D Systems, Minneapolis, MN).

Matrigel EC tube formation assay

To examine the role of sCD13 in capillary morphogenesis, we performed EC tube formation 

assay using growth factor reduced Matrigel (GFR, Becton Dickinson, Bedford, MA). sCD13 

(500 ng/ml) or vehicle control (PBS for sCD13) were placed directly into the media. The 

number of tubes formed was quantitated by an observer blinded to the experimental groups. 

To determine the role of signaling molecules in sCD13-induced EC tube formation, we 

performed Matrigel EC tube formation using sCD13-induced as a stimulus with or without 

signaling inhibitors (17–20).

Matrigel plug angiogenesis assay in vivo

To examine the effect of sCD13 in angiogenesis in vivo, we performed mouse Matrigel plug 

assays by injecting GFR Matrigel (500 μl) subcutaneously (s.c.) into each WT C57BL/6 

mouse. After 7 days, the mice were euthanized and the Matrigel plugs were harvested, 

weighed, and some of them were processed for hemoglobin (Hb) measurement. Hb 

concentration was determined by comparison to a standard curve in g/dl representing the 

number of blood vessels in the plugs (17–20). Hb was normalized to plug weight.

MN and U937 cell chemotaxis

MN and U937 chemotaxis was performed in a modified Boyden chamber (17, 21). MN and 

U937 cells were pre-incubated with chemical signaling inhibitors of Erk1/2 (PD98059, PD), 

Src (PP2), NFκB (PDTC), Jnk (SP600125, SP), p38 (SB203580, SB), and GPCR (Pertussis 

toxin, PT) for 30 minutes prior to the assay (9, 12). sCD13 or enzymatically active (WT)/

enzymatically inactive (mutant) CD13, purified from the supernatants of CD13-transfected 

cells as previously described (9, 12), were used as stimuli at 500 ng/ml. This concentration 

approximates the concentration of sCD13 in RA SF (9, 12). Three high power fields (HPF) 

(400x) were counted by an observer blinded to the experimental groups. All of the inhibitors 

were purchased from Calbiochem (La Jolla, CA, USA) and were used at 10μM 

concentrations except PT and PDTC were used at 100 ng/ml and 200 μM, respectively.
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Cyclic adenosine monophosphate (cAMP) ELISA

MNs were placed in 6-well plates and stimulated with or without sCD13 (500 ng/ml) for 5 

min, 10 min, 20 min, and 30 min. The levels of cAMP were measured by DetectX® Cyclic 

AMP (cAMP) Direct Immunoassay kit according to the manufacturer’s instructions (Arbor 

Assays).

Generation of mutant CD13 and WT CD13

We generated enzymatically inactive mutant CD13 and WT CD13 as previously described, 

using a CD13 clone (MGC Human ANPEP Sequence-Verified cDNA; GenBank accession 

no. BC058928 https://www.ncbi.nlm.nih.gov/nuccore/BC058928) that was obtained from 

Open Biosystems (9, 12).

CD13 depletion from RA SFs and MN chemotaxis assays with CD13 depleted SFs

Rheumatoid factor was removed from RA SF using a kit from Thermo Scientific. CD13 was 

then immune-depleted from RA SFs and its levels were measured in SFs after immuno-

depletion using a CD13 sandwich enzyme linked immunosorbent assay (ELISA) as we have 

published recently (12). sCD13 was used as a standard to determine CD13 concentration in 

SFs. MN chemotaxis was performed with CD13-depleted and sham-depleted RA SFs to 

determine the role of CD13 in MN migration.

To further evaluate the role of non-enzymatic effects of CD13 in MN recruitment, CD13-

depleted RA SFs were supplemented with mutant or WT CD13 and MN chemotaxis was 

performed. We also stimulated MNs with mutant or WT CD13 for 20 minutes and 

performed Western blots to examine phosphorylation of signaling molecules (17, 21–23).

Western blotting

RA FLS and normal human MNs were incubated with or without chemical signaling 

inhibitors including PT for 1 hour before stimulation with sCD13 (500ng/ml) for 25 

minutes. Cell lysates were subjected to 10% SDS-PAGE and Western blots were performed 

using antibodies against phospho-Erk1/2, phospho-Src, and phospho-NFĸB (Cell Signaling 

Technology). The membranes were stripped and reprobed with antibodies against total 

Erk1/2, Src, NFĸB, and β-actin to assess the equal loading of proteins.

siRNA knockdown

RA FLS were transfected with SignalSilence® p44/42 MAPK (Erk1/2) siRNA or 

SignalSilence® Control (scrambled) siRNA (Cell Signaling Technology) using TransIT-

X2® (Mirus Bio LLC) following the manufacturer’s instructions. RA FLS were transfected 

for 24–48 hours. Transfected RA FLS were stimulated with sCD13 for 25 minutes and 

Western blotting was performed to confirm the data obtained with chemical signaling 

inhibitors.
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Determination of sCD13-induced cytokine secretion in FLS cultures by performing 
quantitative PCR and ELISAs

Total RNA was isolated from RA FLS using the RNAeasy Isolation Kit QIA shredder 

(Qiagen) according to the manufacturer’s protocol. cDNA was prepared using the cDNA Kit 

(Life Technologies). Quantitative PCR (qPCR) was performed using Platinum SYBR Green 

qPCR SuperMix-UDG (Life Technologies) following the manufacturer’s protocol. The 

primers for human cytokines used were: Monocyte chemoattractant protein-1 (MCP-1/

CCL2) forward 5’-ACTCTCGCCTCCAGCATGAA-3’; MCP-1/CCL2 reverse 5’-

TTGATTGCATCTGGCTGAGC-3’; interleukin-6 (IL-6) forward 5’-

GTAGCCGCCCCACACAGA-3’; IL-6 reverse 5’-CATGTCTCCTTTCTCAGGGCTG-3’; 

IL-1β forward 5’-AAATACCTGTGGCCTTGGGC-3’; IL-1β reverse 5’-

TTTGGGATCTACACTCTCCAGCT-3’ (24). The primers used for β-actin were; forward: 

5’-GCTAGGCAGCTCGTAGCTCT-3’ and reverse: 5’-GCCATGTACGTTGCTATCCA-3’ 

(25). All samples were run in triplicate.

RA FLS were placed onto 6-well plates and stimulated with or without sCD13 (500 ng/ml) 

for 24 hours and supernatants were collected to perform ELISAs. The cytokine 

concentrations were measured by the human DuoSet® ELISA (R&D Systems). We used 

FLS from 6 different RA patients to perform PCR and ELISAs.

Ex vivo culture of RA ST

STs received from the University of Michigan Hospital operating suite were dissected into 

small pieces of ~1–2 mm3 as described (26). Each piece was incubated in CMRL (1 ml) 

media containing 10% FBS, 2% L-glutamine, and antibiotics in each well of a 12 well plate. 

Ex vivo cultures, which contain a representative mixture of the various cell populations 

present in RA ST in vivo, were incubated for 24 hours, then incubated for an additional 48 

hours in fresh medium with or without WM15 (25 μg/ml, a neutralizing antibody against 

CD13, Biolegend, San Diego, CA) and 1D7, another monoclonal antibody against CD13 (25 

μg/ml, University of Michigan Hybridoma Core), or dexamethasone (10 μg/ml) as a positive 

control for suppression (12). ELISAs were performed on culture supernatants from the 0–24 

and 24–72 hour incubation periods to measure secretion of MCP-1/CCL2, IL-6, and IL-8/

CXCL8. The ratio of secreted protein at 72 hours to the amount secreted at 24 hours was 

used to determine fold-change in secretion for each ST piece. We used between 6–12 

replicates of ST from 3 different RA patients.

Acute inflammatory arthritis model

To determine whether CD13 could induce acute joint inflammation, C57BL/6 WT mouse 

knees were injected with sCD13. After anesthetizing mice, sCD13 (5μg in 20μL PBS) was 

injected into some of the mouse knee joints while PBS (control) was injected into others. 

Knee joints were measured before (day 0) and 24 hours post injection of PBS or sCD13 (27) 

by an observer blinded to the experimental groups. Mice were euthanized after 24 hours and 

knees were harvested. Some of the knees were homogenized for cytokine analysis and others 

were cryosectioned for histology.
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Hematoxylin and Eosin (H&E) and F4/80 staining assay

Some of the mouse knees were decalcified for 2 weeks then embedded in Optimal Cutting 

Temperature (OCT) compound for cryosectioning. H&E staining was performed to 

determine inflammation and leukocyte ingress in knees injected with sCD13 or PBS. Some 

of the mouse knees were cryosectioned without decalcification and immunofluorescence 

was performed to determine MNs/macrophages, using rat anti-mouse F4/80 (GeneTex) as 

the primary antibody and Alexa Fluor 594–conjugated goat anti-rat IgG (Life Technologies) 

(21–23).

Statistics

Results are expressed as mean± standard error of the mean (SEM). Data were analyzed 

using Student’s t-test. A p-value less than 0.05 was considered significant.

Results

sCD13 induces EC migration and tube formation in vitro

Having previously shown that sCD13 induces migration of activated T cells and FLS (9, 12), 

we investigated its ability to promote chemotaxis of other cell types essential for RA 

synovitis. We found that sCD13 induces EC migration in a dose-dependent manner and that 

maximal sCD13-induced EC migration is significantly higher compared to the bFGF 

positive control. This increase in EC migration started at 1 ng/ml and was almost 8 fold 

higher at 1000 ng/ml of sCD13, suggesting that sCD13 is a potent angiogenic factor, at 

concentrations found in vivo in RA SF (Fig 1A) (12). sCD13 (500 ng/ml) also induced EC 

tube formation on GFR Matrigel compared to control (p < 0.05) (Fig 1B and C).

NFkB, Jnk, Erk1/2, and GPCRs are involved in sCD13-mediated EC tube formation

EC tube formation assays on Matrigel were performed to determine the role of signaling 

molecules in sCD13-mediated EC, morphogenesis. The inhibitors of Jnk (SP), NFkB 

(PDTC), Erk1/2 (PD), and GPCR (PT), but not p38 (SB), inhibited sCD13-induced EC tube 

formation (Fig 1D).

sCD13 contributes to angiogenesis in Matrigel plug angiogenesis assays

After finding that sCD13 induces EC migration and tube formation in vitro, we examined 

sCD13-induced angiogenesis in vivo by performing mouse Matrigel plug assays. On gross 

appearance, plugs collected from mice injected with sCD13 appeared yellowish-red 

compared to PBS injected plugs which appeared to be white (Fig 1E). Hemoglobin levels, an 

indirect measure of angiogenesis, were ~6 fold higher in plugs containing sCD13 (500 

ng/ml) compared to the PBS control (Fig 1F).

sCD13 induces MN/U937 migration in vitro

We next determined the role of sCD13 in MN and U937 cell migration in vitro. PBS and N-

Formylmethionyl-leucyl-phenylalanine (fMLP) were used as negative and positive controls, 

respectively. sCD13 induced maximum MN migration at 500ng/ml and this increase in MN 
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migration was significant compared to PBS (Fig 2A). sCD13 also significantly increased 

U937 cell migration compared to control (Fig 2D and E).

Src, Jnk, NFkB, Erk1/2, and GPCRs are involved in sCD13-mediated MN/U937 cell 
migration

The inhibitors of Src (PP2), NFκB (PDTC), Jnk (SP), and GPCR (PT) significantly reduced 

sCD13-induced MN migration while inhibitors of p38 (SB) and Erk1/2 (PD) did not (Fig 2B 

and C). sCD13-induced U937 cell migration was decreased by inhibitors of Src, Erk1/2, 

NFκB, Jnk, and GPCR, but not by a p38 inhibitor (Fig 2D). There was ~70% decrease in 

U937 cell migration while normal human MN showed a ~30% decrease in migration with 

PT, a GPCR inhibitor (Fig 2C and E).

GPCRs are well known to signal via cAMP production (28). To detect the functional activity 

of GPCRs in MNs, the concentration of cAMP was measured at different time points after 

sCD13 treatment. The levels of cAMP were increased in a time-dependent manner from 5 

min to 20 min, and there was an over 50% increase in the 20 min group following sCD13 

treatment (Fig 2F), indicating that GPCRs play a key role in CD13-mediated signaling.

sCD13 increases RA SF-induced MN migration and phosphorylation of signaling 
molecules independent of its enzymatic activity

In light of our previous finding that the chemotactic effects of sCD13 on T cells are 

independent of CD13 enzymatic activity (12), we assessed whether the aminopeptidase 

activity of CD13 contributes to MN migration by using mutant CD13 and WT CD13 (12). 

WT and mutant CD13 each significantly increased MN chemotaxis which was more than 4 

fold compared to control (p≤0.001) (Fig 3A).

To determine whether CD13 accounts for some of the MN chemotactic properties of RA 

SFs, CD13 was depleted from RA SFs (9, 12). CD13-depleted RA SF induced significantly 

less MN migration than sham-depleted (p≤0.001). Addition of mutant or WT CD13 to 

CD13-depleted RA SF restored MN migration to a level similar to the sham-depleted RA 

SF, suggesting that CD13 contributes to MN ingress in RA in a manner independent of the 

enzymatic activity of CD13 (Fig 3B).

The effects of mutant versus WT CD13 were also examined in phosphorylation of signaling 

molecules in MNs. WT and mutant CD13 markedly increased Erk1/2 and Src 

phosphorylation in MNs, pointing out that CD13 mediates its signaling effects independent 

of its enzymatic activity (Fig 3C).

sCD13 induces Erk1/2, Src, and NFĸB phosphorylation in RA FLS and normal human MNs

Since sCD13 activates FLS (9), we also analyzed signaling events in FLS that were initiated 

by sCD13. sCD13 increased the phosphorylation of Erk1/2, Src, and NFκB in RA FLS (Fig 

3D). We determined the crosstalk between signaling intermediates in FLS and found that a 

Jnk inhibitor, SP, reduced the phosphorylation of Erk1/2 and NFkB, indicating that Jnk is 

upstream in sCD13-mediated signaling pathways in RA FLS (Fig 3D). sCD13-induced 

NFkB phosphorylation was inhibited by PDTC, an inhibitor of NFkB (Fig 3E). Moreover, 
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we found that sCD13-induced phosphorylation of signaling molecules was strongly 

inhibited by PT, suggesting that sCD13 mediates its signaling effects via GPCRs (Fig 3F). 

We confirmed signaling data by transfecting RA FLS with siRNA against Erk1/2 and found 

that RA FLS transfected with Erk1/2 siRNA displayed decreased sCD13-induced 

phosphorylation of NFkB as well as Erk1/2 compared to control (scrambled) transfected 

cells (Fig 3G).

We also evaluated sCD13-stimulated phosphorylation of signaling molecules and cross-talk 

among these signaling molecules in normal human MNs. sCD13-induced Erk1/2 

phosphorylation was decreased by the inhibitors of Src (PP2), Jnk (SP), and Erk1/2 (PD) 

while inhibitors of NFκB (PDTC) and p38 (SB) did not, suggesting that Src and Jnk are 

upstream of Erk1/2 in MNs. Similarly, sCD13-mediated NFκB phosphorylation in MNs was 

inhibited by the inhibitors of Src, Jnk, and Erk1/2 but not by SB, an inhibitor of p38 (Figure 

3H).

sCD13 increases inflammatory cytokine expression in RA FLS

FLS are an important source of pro-inflammatory cytokines in RA. To determine the effect 

of sCD13 on cytokine expression in RA FLS, cells were incubated in serum free RPMI and 

stimulated for 3 hours to test mRNA expression and 24 hours for protein levels. MCP-1/

CCL2 and IL-6 mRNA were significantly induced by sCD13 (Fig 4A and B). ELISAs were 

performed on conditioned media for MCP-1/CCL2, IL-6, IL-1β, and tumor necrosis factor-α 
(TNF-α). The levels of MCP-1/CCL2 and IL-6 in RA FLS supernatants were significantly 

higher after stimulation with sCD13 compared to non-stimulated FLS (Fig 4C and D). No 

significant changes were found in IL-1β or TNF-α at either the mRNA or protein levels 

(data not shown).

Neutralizing antibody against CD13 inhibits secretion of proinflammatory cytokines from 
RA ST organ cultures

The results shown above, together with our previously published data (9, 12), indicate that 

sCD13 exerts pro-inflammatory effects on multiple cell lineages that are key constituents of 

RA synovium. The organ culture system retains the interactions of the various cell types 

found in RA synovium, including RA FLS, MNs/macrophage, T and B lymphocytes, 

dendritic cells, ECs, and other cell populations (26). We therefore evaluated the contribution 

of CD13 in RA ST secretion of inflammatory cytokines by performing ex vivo assays using 

ST obtained from RA patients cultured with neutralizing antibodies against CD13.

RA ST samples cultured in media containing WM15, an anti-CD13 monoclonal antibody, 

showed significantly decreased expression of MCP-1/CCL2, IL-6, and IL-8/CXCL8 (Fig. 

5A, B, and C). A positive control, dexamethasone, also significantly inhibited expression of 

these mediators. Another anti-CD13 monoclonal antibody, 1D7, produced no significant 

change in relative expression of MCP-1/CCL2 or IL-6 and led to a more moderate, while 

still significant, decrease in IL-8 expression.
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sCD13 contributes to acute inflammatory arthritis by increasing MN/macrophage infiltrates 
and increasing the concentration of proinflammatory cytokines MCP-1/CCL2, IL-6, and 
IL-1β

The organ culture results suggest that CD13 assumes a prominent role in the induction 

and/or maintenance of synovial inflammation in vivo in RA. We next sought to determine 

whether sCD13 itself could be directly arthritogenic. Indeed, mouse knees injected with 

sCD13 exhibited marked swelling and a significant increase in knee circumferences after 24 

hours (Fig 6A and B). H&E staining of cryosections of mouse knees injected with sCD13 

exhibited increased leukocyte ingress and inflammation compared to PBS injected mouse 

knee (Figure 6C). F4/80 staining showed a marked increase in the number of MNs/

macrophages in mouse knee sections injected with sCD13 compared to controls (Fig 6D). To 

examine the expression of cytokines in sCD13-injected mouse knees, we performed ELISAs 

with mouse knee homogenates. MCP-1/CCL2, IL-6, and IL-1β were significantly higher in 

sCD13-injected knee homogenates compared to PBS (p≤0.01, Fig 6E–G). We did not find 

an increase in TNF-α in mouse knee homogenates injected with sCD13 (data not shown).

Discussion

Angiogenesis and MN recruitment into the sites of inflammation are critical steps involved 

in RA pathogenesis. MN ingress into the inflammatory sites is mediated by cytokines and 

growth factors, such as, TNF-α, MCP-1/CCL2, transforming growth factor-β (TGF-β), 

CCL5, vascular endothelial growth factor (VEGF), bFGF, IL-1β, and IL-8 (1, 3, 5, 29, 30). 

Once MNs are recruited into the synovium, they secrete proinflammatory and proangiogenic 

factors which results in proliferation of the ST and leads to persistence of inflammation in 

RA. Proangiogenic factors induce angiogenesis, one of the earliest pathological findings in 

RA. Increased angiogenesis promotes ingress of inflammatory cells at the inflammatory 

sites (4, 5, 31, 32). In this way, a vicious cycle is formed which results in persistence of the 

inflammatory response in RA. Targeting angiogenesis is one of the potential alternatives to 

treat RA, as angiogenesis contributes to pannus development, proliferation, and perpetuation 

of inflammation. We have previously shown that CD13 is present in soluble form in RA SFs 

and induces RA FLS proliferation and Tck cell migration in vitro (9, 12). CD13 expression 

was identified on newly forming capillaries in solid tumors and in RA ST blood vessels, 

suggesting a contribution of CD13 in angiogenesis (12, 33). CD13 is highly expressed by 

tumor cells, RA FLS, MNs, ECs, and mesenchymal stem cells(7, 8). It is upregulated on 

MNs, ECs and FLS in response to lipopolysaccharide (LPS), TGF-β, FBS, bFGF, and 

VEGF, and IL-17(12, 34–38). Cross-linking of cell surface CD13 with anti-CD13 antibodies 

induces the phosphorylation of mitogen-activated protein kinases (MAPK) Erk1/2, JNK, and 

P38 in MNs(7, 14). In the present study, we determined the role of sCD13 in angiogenesis, 

MN migration, signaling mechanisms in MN migration, phosphorylation of signaling 

molecules in MN and FLS, and cytokine production in vitro, ex vivo and in vivo.

It has previously been shown that CD13 contributes to migration of various cell types, 

phagocytosis, and angiogenesis (39–42). There are drawbacks, however, with many of the 

prior studies of CD13 involving angiogenesis, proliferation, and migration. Most of the 

above studies were performed with chemical inhibitors against CD13 instead of using 
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sCD13 itself as a stimulus. Data from other groups indicate that the chemical inhibitors, 

bestatin and actinonin (or occasionally other chemical inhibitors), can lead to apoptosis and 

could therefore introduce confounding factors (43, 44). We performed all the functional 

cellular assays using sCD13 or anti-CD13 antibodies rather than using chemical inhibitors 

against CD13. Our data supports the suggestion that sCD13 is a potent angiogenic factor, as 

we have found that sCD13 induces EC chemotaxis, tube formation, and angiogenesis in the 

Matrigel plug angiogenesis assay, a murine model of angiogenesis in vivo (Figures 1A–G).

We also determined the role of signaling molecules in sCD13-mediated EC tube formation 

and found that the inhibitors of NFκB, Jnk, Erk1/2, and GPCR significantly decreased 

sCD13-induced tube formation. An inhibitor of p38 (SB) did not reduce EC tube formation, 

suggesting that p38 is not involved in sCD13-stimulated angiogenesis in vitro (Figures 1D 

and E). Previous reports have suggested that CD13 contributes to migration of various cell 

types, phagocytosis, and angiogenesis(39–42, 45). However, most of these studies did not use 

sCD13 as an agonist, and could not distinguish the roles of cell surface versus cleaved 

CD13. Moreover, the chemical inhibitors that were used may have other off-target 

effects(43, 44).

We previously showed that CD13 is involved in the growth and migration of RA FLS, and 

chemotaxis of Tcks (9, 12, 46). We found here that CD13 also induces MN migration in a 

dose-dependent manner with maximum effect at 500 ng/ml, the concentration of soluble 

CD13 present in RA SFs (9, 12, 46). Work ion other systems indicates that CD13 could 

induce influx of specific subsets of MNs into inflammatory sites. (41, 42). A number of 

studies have shown that cross-linking of membrane bound CD13 is required for MN ingress 

(14, 36). In contrast, this is the first report to show that sCD13 is a potent chemotactic factor 

for MN migration without a requirement for cross-linking of membrane bound CD13.

After finding a role for CD13 in MN migration, we assessed engagement of signaling 

molecules in this process. Inhibitors of Jnk, Src, NFκB, and GPCR significantly reduced 

MN migration, suggesting roles for these molecules in sCD13-mediated MN migration. 

However, inhibitors of Erk1/2 and p38 did not inhibit normal human MN migration in 

response to sCD13. The finding in this study that sCD13 induces MN migration via GPCRs 

reinforces our previous data suggesting that sCD13-induced Tck migration is mediated via 

GPCRs (12). U937 cell migration was inhibited by all the inhibitors of signaling molecules 

except SB, a p38 inhibitor. The differences between MN and U937 cells may reflect the 

transformed state of the U937 line.

cAMP is the key mediator of downstream signals initiated by GPCRs via activation of 

adenylate cyclase. After finding that GPCRs are involved in sCD13-stimulated MN 

migration, we examined sCD13 as a possible inducer of cAMP in MNs. Our results 

demonstrate that cAMP was significantly higher in MNs stimulated with sCD13 compared 

to nonstimulated cells (Fig 2F).

Several studies have identified sCD13 in human sera, tumor effusions, RA synovium, and 

bronchoalveolar lavage fluids from scleroderma, Sjogren’s syndrome, and myositis patients 

((47, 48). CD13 is an ectoenzyme and many studies have found that the enzymatic activity 
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of CD13 contributes to its multiple functions (49–51). We were interested to determine 

whether sCD13 mediates its effects independent of its enzymatic activity. An enzymatically 

inactive mutant CD13 was generated and used in a number of functional assays (Fig 3). The 

results clearly show that sCD13 contributes to MN chemotaxis and increased 

phosphorylation of signaling molecules independent of its enzymatic activity, as mutant 

CD13 increased MN migration and phosphorylation of signaling molecules in MNs 

comparably to WT CD13 (Fig 3B–C).

MNs/macrophages are recruited into STs and secrete pro-inflammatory and proangiogenic 

cytokines which promote the proliferation of ST cells and more MN infiltration (1, 6). We 

examined the effect of CD13 in MN migration in RA by performing normal human MN 

chemotaxis with CD13-depleted and sham-depleted RA SFs. We found CD13-depleted RA 

SFs resulted in less MN migration compared to sham-depleted RA SFs, pointing out the 

importance of CD13 in persistence of inflammation in RA (Fig 3B).

Cross-linking of membrane bound CD13 induces the phosphorylation of mitogen-activated 

protein kinases (MAPK) Erk1/2, JNK, and P38 in MNs (7, 14). We found that sCD13 

induced phosphorylation of Erk1/2, Src, and NFκB in RA FLS without a requirement for 

cross-linking of membrane bound CD13 for phosphorylation of signaling molecules in RA 

FLS (Fig 3D–E). GPCRs engaged by sCD13 are upstream of Erk1/2, and Src, as an inhibitor 

of GPCR, PT, inhibited the phosphorylation of these signalling molecules in RA FLS (Fig 

3F). We also determined the phosphorylation of signalling molecules in normal human MNs 

upon stimulation with sCD13 in the presence or absence of chemical signalling inhibitors. 

sCD13 increased phosphorylation of Erk1/2, Src, and NFκB in MNs. The increased 

phosphorylation of Erk1/2 was inhibited by the inhibitors of Src and Jnk, suggesting that Src 

and Jnk are upstream of Erk1/2 in sCD13-induced phosphorylation. sCD13-stimulated 

phosphorylation of NFκB in MNs was decreased by the inhibitors of Src, Jnk, and NFκB 

(Fig 3H). We also performed densitometry with all the Western blots as shown in 

supplementary data (Fig 1 supplementary). All these effects of sCD13 were found without 

cross-linking of CD13.

Villasenor-Cardoso et. al found that CD13, with or without cross-linking, does not induce 

IL-6, IL-10, IL-12, and TNFα secretion in human monocyte-derived dendritic cells or 

macrophages (39). In contrast to the above study, Santos et. al. showed that crosslinking of 

CD13 plays an important role in proinflammatory cytokine secretion by MNs (14). In this 

study, we examined proinflammatory cytokine secretion by RA FLS upon stimulation with 

sCD13. We found that sCD13 has a direct effect on cytokine secretion by RA FLS. Reinhold 

et. al. found that probestatin and actinonin (two inhibitors of enzymatic activity of CD13) 

suppress IL-1β, IL-2, and TGF-β production in PBMCs and human T cells, suggesting the 

involvement of CD13 in cytokine expression (51). Bestatin, another CD13 inhibitor, 

suppressed IL-6 and IL-8 production in human MNs and induced IL-10 secretion (50). The 

above studies were performed incubating PBMCs with inhibitors which block the enzymatic 

activity of CD13 instead of directly stimulating cells with sCD13.

Multiple cell types contribute to the pathologic behavior of RA ST including FLS, MNs/

macrophages, B lymphocytes, plasma cells, mast cells, endothelial cells, osteoclasts, and 
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chondrocytes. These various cell types are involved in persistence of inflammatory response 

in RA by secreting inflammatory mediators and through direct cell-cell interactions 

mediated by cell surface receptors and their membrane-anchored ligands (2). We performed 

an RA ST organ ex vivo assay with or without a neutralizing antibody against CD13 to 

evaluate the secretion of proinflammatory cytokines. In this assay, cell-cell interaction 

contributes to persistence of inflammation and cytokine secretion in inflammatory 

conditions such as, RA. WM15, a neutralizing antibody against CD13, significantly 

inhibited the secretion of key proinflammatory mediators, such as, MCP-1/CCL2, IL-6, and 

IL-8/CXCL8, which drive the inflammatory response in RA. This suggests that CD13 is a 

key player involved in cytokine secretion in RA.

sCD13 is present in very high concentrations in human sera, tumor effusions, RA synovium 

including various autoimmune diseases and is secreted and/or shed by RA FLS, MNs, ECs, 

tumor cells and mesenchymal stem cells in response to IL-6, TNF-α, IL-1β, LPS, TGF-β, 

FBS, bFGF, VEGF, and IL-17 (7, 8, 11, 12, 34–36, 38, 47, 48, 50, 51). We and others have 

demonstrated that sCD13 contributes to the production of proinflammatory cytokines, MN-

EC adhesion, migration of cytokine-activated T cells, and MN ingress in a murine model of 

peritonitis (7, 10, 12–14, 52, 53). These studies point out the importance of CD13 in 

inflammatory arthritis and potentially other inflammatory or autoimmune diseases. sCD13-

driven secretion of cytokines and MN ingress results in initiation and persistence of 

inflammation. These secreted cytokines and MN ingress cause more sCD13 production by 

various cell types. In this way, a vicious cycle develops which leads in chronic 

inflammation, suggesting a pivotal role of sCD13.

We also demonstrated a role for sCD13 in inflammatory arthritis by injecting CD13 into 

mouse knees and found that sCD13 induced significant inflammation, swelling, and MN 

recruitment compared to control injected knees (Fig 6A–D). Winnicka et. al. found that 

CD13 is required for adhesion of MNs to ECs, an essential step for the influx of MNs into 

inflammatory sites. These authors also found no differences in MN recruitment in 

thioglycollate-induced peritonitis and collagen antibody-induced arthritis (CAIA) in CD13 

knockout compared to wild type mice (54). However, in CAIA, T cells and monocytes may 

not be critical in the development of arthritis. Our data clearly demonstrate the wide-ranging 

proinflammatory and arthritogenic properties of sCD13, and imply a pivotal role for sCD13 

in RA.
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Key Points

Soluble (s)CD13 is a potent angiogenic factor in vitro and in vivo.

sCD13 induces acute inflammatory arthritis in mice and induces MN migration via 

GPCR.

sCD13 increases cytokine secretion and phosphorylation of signaling molecules.
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Fig. 1). sCD13 induces EC migration, tube formation, and angiogenesis in murine Matrigel plug 
assays.
A) Human dermal microvascular endothelial cell (EC) chemotaxis was performed in a 

modified Boyden chamber using sCD13 at various concentrations. sCD13 induces EC 

migration in a dose-dependent manner. CD13 induced EC migration from 1–1000 ng/ml 

(p<0.05). Data represent the mean of 3 individual experiments ± SEM. Three high power 

fields (hpf) (x400) were counted in each replicate well. PBS and bFGF served as negative 

and positive controls, respectively. B-C) EC tube formation was performed on growth factor 

reduced (GFR) Matrigel with sCD13. EC tubes formed in response to sCD13 were almost 

two fold more when compared to PBS, a negative control. Arrows indicate tubes formed in 

response to sCD13. n = number of replicates in each group. D-E) We examined the role of 

signaling molecules by performing EC morphogenesis assays using sCD13 as a stimulus in 

the presence or absence of signaling inhibitors. EC tubes formed by sCD13 were 

significantly decreased by the inhibitors of NFkB, Jnk, Erk1/2, and GPCR while a p38 

inhibitor (SB) did not. F-G) To test the effect of sCD13 in angiogenesis in vivo, Matrigel 

plug assays using C57BL/6 mice was performed. Each mouse was given a subcutaneous 

injection of sterile GFR Matrigel (500 μl/injection) containing either sCD13 or PBS, a 

negative control. Matrigel plugs were harvested after 7 days. Hemoglobin (Hb) was 

determined. There was more than a 4 fold increase in Hb, an indirect correlate of 

neovascularization, in the plugs containing sCD13. Results are represented as the mean ± 

SEM and *p<0.05 was considered significant. On gross appearance, plugs injected with 

sCD13 had blood vessel formation and appeared red compared to plugs injected with PBS. 

Arrows indicate redness and new blood vessels formed. n = number of mice per group.
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Fig. 2). sCD13 induces MN/U937 migration and various signaling inhibitors including PT reduce 
sCD13-induced MN and U937 cell migration.
A) sCD13 induced a concentration dependent increase in human MN chemotaxis with a 

maximum migration at 500 ng/ml. PBS was used as a negative control. Data represent the 

mean of 4 individual experiments ± SEM and there were 4 replicate wells in each 

experimental group. Three high-power fields (hpfs) (x400) were counted in each replicate 

well and results were expressed as cells per 3 hpf. B, C, D, and E) MNs/U937 cells were 

incubated with signaling inhibitors (10 μM) except PT (100ng/ml) for 30 minutes before 

performing chemotaxis assay with sCD13. Data represent the mean of ≥10 replicates ± SEM 

for MNs and the mean of ≥7 replicates ± SEM for U937 cells. PBS served as a negative 

control. All inhibitors were present during the experiment in addition to the preincubation. 

hpf=high power field. *p<0.05 was considered significant. We determined the role of 

GPCRs in MN/U937 cell migration by performing chemotaxis after incubating MNs/U937 

cells with PT, a GPCR inhibitor. F) sCD13 increases cAMP in MNs. We detected the 

functional activity of GPCRs in MNs by measuring the concentration of cAMP at different 

time points. The levels of cAMP were increased in a time-dependent manner from 5 min to 

20 min, and there was an over 50% increase in cAMP at 20 min with group following 

sCD13 treatment. This indicates that GPCRs are required in CD13-mediated signaling.
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Fig. 3). sCD13 contributes to MN chemotaxis and phosphorylation of signaling molecules 
independent of its enzymatic activity.
A) To assess whether CD13’s enzymatic activity contributes to MN migration, MN 

chemotaxis was examined using enzymatically inactive CD13 (mutant CD13) and 

enzymatically active CD13 (WT CD13) (12). WT and mutant CD13 significantly increased 

MN chemotaxis more than 4 fold compared to control (*p≤0.001). Data represent the mean 

of ≥4± SEM for MNs. B) To determine whether sCD13 accounts in part for the MN 

chemotactic potential of RA SFs, CD13 was depleted from RA SFs using two anti-CD13 

antibodies (1D7 and WM15) and mouse IgG was used for sham-depletion. CD13-depleted 

RA SF induced 38% less MN migration than sham-depleted (*p≤0.001). Addition of mutant 

or WT CD13 (500 ng/ml of each) to CD13-depleted RA SF restored MN migration to a level 

similar to the sham-depleted, suggesting that CD13 induces MN migration independent of 

its enzymatic activity. Data represent mean ± SEM for an n≥4. C) Mutant CD13 and WT 

CD13 markedly increased the phosphorylation of Erk1/2 and Src in MNs. D-E) sCD13 

increased the phosphorylation of Erk1/2, Src, and NFĸB in RA FLS. FLS were incubated 

with chemical signaling inhibitors for 1 hour before stimulation with sCD13 for 25 minutes. 

A Jnk inhibitor, SP, and an Erk1/2 (PD) inhibitor reduced the phosphorylation of Erk1/2 and 

NFkB, indicating that Jnk and Erk1/2 are upstream in sCD13-mediated signaling pathways 

in RA FLS. PDTC, an inhibitor of NFkB, markedly reduced sCD13-induced 

phosphorylation of NFkB in RA FLS. F) A GPCR inhibitor, PT, strongly inhibited 

phosphorylation of Erk1/2 and Src, suggesting that sCD13 mediates its effects via GPCRs. 

G) We confirmed signaling data by transfecting RA FLS with siRNA against Erk1/2 for 48 

hours. RA FLS transfected with Erk1/2 siRNA displayed markedly decreased 

phosphorylation of Erk1/2 and NFkB compared to control (scrambled) transfected cells. H) 
sCD13 increased the phosphorylation of Erk1/2, Src, and NFkB in normal human MNs. The 
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inhibitors of Src and Jnk reduced the phosphorylation of Erk1/2 and NFkB, suggesting that 

Src and Jnk are upstream in sCD13-induced phosphorylation of Erk1/2 and NFkB. MNs 

were stimulated with sCD13 for 20 minutes after incubating one hour with signaling 

inhibitors.
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Fig. 4). sCD13 increases cytokine secretion in RA FLS.
A-D) We also determined the contribution of sCD13 in cytokine secretion at the mRNA and 

protein levels by stimulating RA FLS with sCD13. The levels of MCP-1/CCL2 and IL-6, but 

not IL-8/CXCL8 (data not shown), were significantly higher in RA FLS stimulated with 

sCD13 compared to control at mRNA and protein levels.
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Fig. 5). A neutralizing anti-CD13 antibody decreases the production of pro-inflammatory 
cytokines in ex vivo ST organ cultures.
A-C) Synovial tissue biopsies from RA patients were dissected into small pieces of 

approximately 2–3 mm in size and each cultured in 1 ml CMRL media with 10% FBS for 24 

hours in individual wells of 12-well plates. For blocking studies each piece serves as its own 

control. Medium harvested from the first 24 hours of culture provides the baseline cytokine 

production for that piece of tissue. Fresh medium was added with or without anti-CD13 

monoclonal antibodies (WM 15 and 1D7, 25ug/ml) and the conditioned media was collected 

after an additional 48 hours. As a positive control for inhibition of cytokines, some tissue 

pieces were cultured in dexamethasone (10 μg/ml). ELISAs were performed on baseline and 

organ cultures supernatants incubated with antibodies and dexamethasone to quantify 
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MCP-1/CCL2, IL-6, and IL-8/CXCL8 expression. The ratio of cytokine at 72 hours/24 

hours was used as an index to assess treatment efficacy. Error bars are SEM, and *p<0.05 

was considered significant. n ≥ number of replicates in each group.
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Fig. 6). sCD13 contributes to acute inflammatory arthritis by increasing MN influx, MCP-1/
CCL2, IL-6, and IL-1β.
A-B) Mouse knees injected with sCD13 exhibited significant increase in knee 

circumferences after 24 hours compared to control. C) Mouse knees were cryosectioned 

after 2 weeks of decalcification. H&E staining exhibits a marked increase in inflammatory 

cells and disruption of the synovial lining (L) and sublining (SL) in mouse knees injected 

with sCD13 within 24 hours compared to PBS injected mouse knees. (Magnification 100X). 

D) sCD13-injected mouse knees show marked increase in F4/80 staining (Red color), a MN/

macrophage marker, compared to controls. One of the representative sections from each 

group is shown. (Magnification 100X). E-G) sCD13-injected mouse knee homogenates 

showed significantly higher MCP-1/CCL2, IL-6, and IL-1β by ELISAs compared to PBS 

(*p≤0.01). We did not find an increase in TNF-α in mouse knee homogenates injected with 

CD13 (Data not shown). n=number of mouse knees in each group. Data represent the mean 

± SEM and *p<0.05 was considered significant.
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