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ABSTRACT
The robust and consistent expression of the CD13 cell
surface marker on very early as well as differentiated
myeloid hematopoietic cells has prompted numerous
investigations seeking to define roles for CD13 in my-
eloid cells. To address the function of myeloid CD13 di-
rectly, we created a CD13 null mouse and assessed the
responses of purified primary macrophages or DCs
from WT and CD13 null animals in cell assays and in-
flammatory disease models, where CD13 has been im-
plicated previously. We find that mice lacking CD13 de-
velop normally with normal hematopoietic profiles ex-
cept for an increase in thymic but not peripheral T cell
numbers. Moreover, in in vitro assays, CD13 appears to
be largely dispensable for the aspects of phagocytosis,
proliferation, and antigen presentation that we tested,
although we observed a slight decrease in actin-inde-
pendent erythrocyte uptake. However, in agreement
with our published studies, we show that lack of mono-
cytic CD13 completely ablates anti-CD13-dependent
monocyte adhesion to WT endothelial cells. In vivo as-
sessment of four inflammatory disease models showed
that lack of CD13 has little effect on disease onset or
progression. Nominal alterations in gene expression
levels between CD13 WT and null macrophages argue
against compensatory mechanisms. Therefore, al-

though CD13 is highly expressed on myeloid cells and is
a reliable marker of the myeloid lineage of normal and
leukemic cells, it is not a critical regulator of hemato-
poietic development, hemostasis, or myeloid cell
function. J. Leukoc. Biol. 88: 347–359; 2010.

Introduction
The development of technology to readily produce mAb en-
abled the systematic cataloging of leukocyte cell surface mole-
cules and prompted the first Leukocyte Typing Workshop in
1984 [1]. This and subsequent workshops assigned leukocyte-
binding mAb to groups termed “clusters of differentiation”, or
CD antigens, by virtue of common patterns of binding to pan-
els of primary hematopoietic cells and cell lines. In this way,
the CD13 cell surface molecule was defined as a marker of
cells of the myeloid lineage in normal and leukemic cells. Sub-
sequent molecular cloning of the CD13 cDNA showed that it
was identical to the membrane-tethered peptidase APN [2]
and was expressed on cells, in addition to those of the hema-
topoietic system, such as the epithelial cells of the renal proxi-
mal tubules and the intestinal brush border, cells of the brain,
fibroblasts, and activated endothelial cells [3].

CD13 is a large 150-kD type II protein with a short cytoplas-
mic domain, a hydrophobic transmembrane region, and a
large extracellular domain containing its enzymatic activity. As
an extracellular peptidase, CD13 functions to cleave single
neutral amino acids from the N terminus of small peptides,
and therefore, its substrates and functions vary depending on
the tissue where it is expressed. For example, in the brain,
CD13 cleaves opioid peptides and enkephalins to regulate neu-
ronal signaling, and in the intestine, it cleaves peptides to fa-
cilitate amino acid resorption [3]. The persistent and specific
myeloid expression of CD13 on normal cells of the hematopoi-
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etic lineage has prompted numerous studies that have impli-
cated CD13 in a variety of myeloid cell functions, primarily in
assays that correlate CD13 expression with a particular func-
tion, inhibit enzymatic activity with chemical inhibitors or in-
hibitory antibodies, or activate CD13 using ligand-mimicking
cross-linking antibodies. To address the function of CD13 di-
rectly and genetically, we created a global KO of CD13 and
tested these animals for phenotypic effects on a number of
myeloid functions attributed previously to CD13, such as my-
eloid differentiation, phagocytosis, antigen presentation, and
inflammatory processes. We find that CD13 expression is dis-
pensable for hematopoietic development and physiologic ho-
meostasis and suggest that its function in myeloid cells may be
dependent specifically on particular immune challenges to
generate cross-linking ligands.

MATERIALS AND METHODS

Generation of CD13 KO mice
The targeting vector (PL253-CD13-lox-frtneo) was constructed using BAC
140 as a source of murine genomic DNA obtained from the CHORI BAC
library [4]. We constructed a floxed CD13-targeting construct with the frt-
neo-frt region using recombineering methods [5] with the assistance of the
GTTF (UCHC, Farmington, CT, USA). The schematic of the targeting
strategy is depicted below (see Fig. 1). The targeting vector was electropo-
rated into the murine ES cell line D from the (129SvEvTac)/Cb7BL/6J
mouse strain, and neomycin-resistant colonies containing the targeting con-
structs were expanded and transferred into pseudopregnant females, result-
ing in chimeric mice containing the targeted CD13 allele. Germ-line trans-
mission of the targeted allele was confirmed, and the neo cassette was ex-
cised to produce mice carrying a floxed CD13 allele. Finally, floxed CD13
animals were mated with transgenic mice expressing Cre recombinase un-
der the ubiquitous Hprt gene promoter (129S1-Hprt1tm1(cre)Mnn/J, Jackson
Laboratory, Bar Harbor, ME, USA) to produce the global CD13 null strain.
The CD13 global KO animals have been backcrossed subsequently to the
C57Bl/6 strain, and experiments described in this report were performed
with CD13ko/ko and control mice (CD13wt/wt) backcrossed for at least six
generations to the C57BL/6J strain (Jackson Laboratory). The mice were
housed in the animal facilities at the UCHC in accordance with Institu-
tional and Office of Laboratory Animal Welfare guidelines. CD13 deletion
was assessed using PCR genotyping, mRNA expression analysis (RT-PCR),
immunohistochemistry, and flow cytometric analysis (described below).

PCR genotyping
WT and KO CD13 alleles were detected with the primers BWOL1/BWOL2/
BWOL6 and BWOL1/BWOL4 using the PCR protocol: 94°C/2 min (94°C/30
s, 55°C/30 s, 72°C/1 min) � 38, 72°C/7 min, 4°C/�. Products were visualized
after electrophoretic separation on agarose gels. Primers used for genotyping:
BWOL1 (labeled P1; see Fig. 1A), 5�-ACCGTGCTCGGTTTCCTCTGTTTA-3�;
BWOL2 (labeled P2; see Fig. 1A), 5�-TGTGGAAAGGATCCCGGTGTCAAT-3�;
BWOL4, 5�-AACCACTGTGAGCGAGCATGTTAT-3�; BWOL6 (labeled P3; see
Fig. 1A), 5�-ATTGTTCTTATGCTGAGTGACAAG-3�.

Primary cell preparation
BMDMs and DCs were isolated from femurs and tibias in medium supple-
mented with CSF-1 as described previously [6]. Thioglycollate-elicited mac-
rophages were harvested by flushing the peritoneal cavity of untreated (res-
ident macrophages) or 4% thioglycollate-treated (elicited macrophages, 4,
48, or 72 h) mice, followed by red cell lysis. Splenic DCs from single-cell
spleen suspensions of 6- to 12-week-old mice were positively selected using
CD11c microbeads and a MACS column and separator (Miltenyi Biotec,
Auburn, CA, USA), according to the manufacturer’s guidelines. Murine T

cells were isolated from single-cell splenocyte suspensions using a negative
selection kit (depletion of non-T cells), according to the manufacturer’s
protocol (Miltenyi Biotec). Murine lung endothelial cells from 2- to 4-week-
old animals were harvested, minced, and treated with 2 mg/mL collage-
nase A (Roche, Indianapolis, IN, USA). The digested material was serially
passed through 19-, 25-, and 27-gauge needles, DNaseI-treated (Worthing-
ton Biochemical Corp., Lakewood, NJ, USA) and endothelial cells posi-
tively selected with primary rat anti-mouse PECAM-1 antibody (MEC 13.3,
BD Biosciences, San Jose, CA, USA), followed by sheep anti-rat IgG Dyna-
beads using the Dynal-MPC™ magnetic separator (Invitrogen, Dynal, Carls-
bad, CA, USA). The final cell/bead pellet was resuspended in 0.5 ml com-
plete endothelial cell growth medium 2, 10% FBS (Lonza Walkersville,
Walkersville, MD, USA) and plated in fibronectin-coated cell-culture dishes.
The medium was changed after 24 h, and cells attached to beads became
visible 12–24 h after plating. Purity of the endothelial cell preparation was
routinely 80–90% vascular endothelial-cadherin-positive (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) upon immunostaining.

RT-PCR
Total RNA was isolated from cells or tissues using TRIzol. RT-PCR reactions
were performed using the SuperScript II RT kit (Invitrogen) and Taq poly-
merase, according to the manufacturer’s instructions. Primer sets used for
mCD13 amplification were exon-spanning mCD13 cDNA sequences 43–893
or 898–1696 as follows: mCD13 43–893 F, 5�-GGGTTCTACATTTCCAA-
GACCC-3�; mCD13 43–893 R, 5�-TTGAACTCGCTCACGATGTAGG-3�;
mCD13 898–1696 F, 5�-TCACAGTGATAACGGGAAAGCCCA-3�; mCD13
898–1696 R, 5�-ATAAGCTCCGTCTCAGCCAATGGT-3�; mGAPDH F, 5�-
ACCACAGTCCATGCCATCAC-3�; mGAPDH R, 5�-TCCACCACCCTGTT-
GCTGTA-3�.

Flow cytometry
BM cells were flushed from femora and tibiae. Single-cell suspensions were
obtained by repeated pipetting in staining medium (1�HBSS/2% FCS/10
mM Hepes, pH 7.4). Single-cell suspensions from spleen and thymus were
prepared after mechanical grinding of the tissues between frosted glass
slides. After suspension, cells were washed with staining media; erythrocytes
were lysed by hypotonic shock and filtered through a cell strainer (70 mm,
Nytex, Sefar, Kansas City, MO, USA). Finally, cells were counted in a hemo-
cytometer monitoring viability by trypan blue dye exclusion. For flow cyto-
metric analysis, with the exception of the anti-CD13, which was conjugated
in-house, we used commercially available, conjugated antibodies and sec-
ondary reagents (BD PharMingen, San Diego, CA, USA, or eBioscience,
San Diego, CA, USA).

For analyses of myeloid markers, we used anti-CD11b (clone M1/70)
coupled to allophycocyanin, anti-Ly-6G/Gr-1 (clone RB6-8C5) coupled to
fluorescein, and anti-F4.80 (clone BM8) coupled to PE. For analyses of T
cell compartment, we used anti-CD4 (clone GK1.5) coupled to PE and anti-
CD8 (clone 53-6.7) coupled to fluorescein. For analyses of B cells, we used
anti-CD45R/B220 (clone RA3-6B2) coupled to fluorescein. To analyze DCs,
we used anti-CD11c (clone N418) coupled to allophycocyanin. To analyze
the expression of CD13, we used a biotinylated anti-CD13 (clone R3-63)
followed by a second step with Streptavidin coupled to PE. Before analyses,
cells were suspended in a solution of staining media containing 1 �g/ml
PI, and dead cells that stain strongly for PI were gated out of analysis. All
analyses were done in a FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA, USA), available through the institutional Flow Cytometry Fa-
cility (UCHC).

Immunohistochemistry for CD13 expression
Zinc-fixed, paraffin-embedded tissue sections were subjected to antigen re-
trieval in warm citrate buffer, rinsed, and stained with a 1:500 dilution of
anti-mouse CD13, M-17 antibody (Santa Cruz Biotechnology). Tissue sec-
tions were counterstained with hematoxylin QS (Modified Mayer’s formula,
Vector Labs, Burlingame, CA, USA) and visualized and photographed us-
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ing a Zeiss Axioplan 2 (63�) attached to a Zeiss AxioCam high-resolution
digital camera.

CD13 activity assay
Serum from CD13 KO and littermate mice was incubated with the CD13
substrate Ala-pNa (3 mg/ml final) at 37°C for 1 h. APN/CD13 enzyme ac-
tivity was determined by measuring the absorbance of the resulting free
p-nitroaniline at 405 nm using a microplate reader.

ELISA
Capture antibody (R3-63, Serotec, UK) was added (10 ug/ml in bicarbon-
ate buffer) to 96-well flat-bottom Maxisorp plates overnight at 4°C. Wells
were washed with PBS after each incubation step. After blocking with 300
ul 3% BSA/PBS for 1 h at room temperature, serum samples (200 ul) were
added for 1.5 h at 37°C. Biotinylated anti-CD13 mAb (K1—a kind gift of
Dr. William Paul, Lab of Immunology, NIH, Bethesda, MD, USA) was
added for 2 h at room temperature, followed by HRP streptavidin (0.25
ug/ml) for 30 min at room temperature. Trimethoxybenzoic acid substrate
(100 uL) was then added for the final 30-min incubation (room tempera-
ture) HCl (1 N) was used to stop the reaction, and the plate was read on a
microplate reader at 450 nm.

Phagocytosis assay
A Cytoselect 96-well phagocytosis assay kit was used according to the manu-
facturer’s instructions (Cell Biolabs, San Diego, CA, USA). BMDMs or DCs
and elicited or resident peritoneal macrophages were plated at 80% conflu-
ency in 100 �L culture medium in 96-well plates. Macrophages were plated
1 day prior to the assay and incubated overnight (37°C, 5% CO2), and DCs
were plated 1 h prior to the assay (4.0�105 cells/well). Control conditions
were treated with 2 �M cytochalasin D (blocks phagocytosis by interacting
with actin microfilaments) for 1 h prior to assay. Sheep RBCs (Cappel
Labs, Cochranville, PA, USA) were opsonized with IgG as directed. Opso-
nized or nonopsonized erythrocytes (10 �L) were added to the macro-
phages or DCs and incubated for 1 h at 37°C. Nonphagocytosed erythro-
cytes were lysed with hypotonic buffer. The extent of phagocytosis was
determined after cells were washed and lysed, followed by the addition
of a proprietary erythrocyte substrate solution and absorbance measured
at 620 nm.

In vitro foam cell formation assay
BMDMs or thioglycollate-elicited peritoneal macrophages were plated on
cover slips at 5.0 � 105 cells/ml (DMEM, 10% FBS), cultured overnight,
and stimulated with 50 �g/ml human oxLDL (Biomedical Technologies,
Inc., Stoughton, MA, USA) for 48 h. Media were aspirated and cells washed
and fixed with 4% paraformaldehyde for 30 min. Cells were washed with
PBS, rinsed with 60% isopropyl alcohol, and stained with Oil Red O solu-
tion (0.36% Oil Red O in 60% isopropyl alcohol) for 50 min at room tem-
perature. The stain was removed with 60% isopropyl alcohol. Cells were
counterstained with hematoxylin QS (Modified Mayer’s Formula, Vector
Labs) for 45 s and washed with distilled H2O. Oil red O staining cells were
counted in 10 random fields for each condition.

MLR
Suspensions of responder T cells from whole spleen (WT, KO, or Balb/c
mice) or T cell-enriched spleen populations were negatively selected using
the Pan T cell isolation kit (Miltenyi Biotec). Responder cells (2.5�105)
were mixed with mitomycin C-treated stimulator cells (5.0�105; Alexis Bio-
chemicals, San Diego, CA, USA) and incubated for 4 days. Approximately
48 h later, Alamar blue dye (Serotec) was added to mixed cultures at a
1:10 dilution (20 �L), and suspensions were mixed thoroughly. Prolifera-
tion of responder T cells was measured 4 days later by detecting Alamar
blue fluorescence at an excitation wavelength of 530 nm and emission
wavelength of 585 nm. The proliferative stimulation index was calculated as

the (responders�stimulators) – stimulators alone, divided by the prolifera-
tion count of responders alone [7].

Quantitative adhesion assays
Isolated murine lung endothelial cells (0.5�106/ml) were seeded on fi-
bronectin-coated (10 �g/ml) 96-well plates and grown to confluency for
24–48 h in endothelial cell basal medium 2 (Cambrex Bio Science, Walk-
ersville, MD, USA). Subsequently, monolayers were untreated (basal and
control) or anti-CD13 K1 or control IgG mAb treated (1 �g/ml) for 30
min and washed extensively, and calcein-labeled, elicited macrophages
were added. Adhesion was allowed to proceed for 15 min. Each condition
was assayed in triplicate. Unbound myeloid cells were washed away exten-
sively, and the remaining cells were lysed. Fluorescence was quantified in a
CytoFluor 4000 (PerSeptive Biosystems, Framingham, MA, USA).

Thioglycollate-induced peritonitis
Male mice between 6 and 12 weeks old were injected i.p. with 1 ml aged
4% thioglycollate broth or PBS. At various time-points (4, 18, or 72 h)
postinjection, animals were killed and the peritoneal cavity lavaged using 5
ml sterile PBS. Cells were collected, centrifuged, and washed, the RBCs
were lysed, and the total number of cells was counted.

Collagen antibody-induced arthritis
Type II collagen-specific antibodies were used to induce arthritis in female
mice [8] between 6 and 8 weeks of age. On Day 0, animals were injected
(i.p.) with 200–400 �l/mouse of the Arthrogen-CIA mAb cocktail, 6–8 mg
total (Chondrex LLC, Seattle, WA, USA), or PBS as control. LPS (100 �l;
50 �g in PBS) was administered i.p. on Day 3. Starting on Day 4, the sever-
ity of arthritis in each limb was scored every other day on a 0–4 scale: 0 �

normal; 1 � swelling and/or redness in one joint; 2 � swelling and/or
redness in more than one joint; 3 � swelling and/or redness in the entire
paw; 4 � maximal swelling. Mice recovered from LPS toxicity on Day 5,
after which, the arthritis progressed rapidly. The disease peaked by Days
7–8 and plateaued on Days 10–14.

DSS-induced colitis
Beginning at 7 weeks of age, CD13 WT and null littermates (n�6/geno-
type) were administered 3% DSS (MP Biomedical, Irvine, CA, USA) dis-
solved in drinking water for 7 days. A control group of mice (n�2) from
each genotype received drinking water only during the same time period.
Mice were weighed and assessed for evidence of gross rectal bleeding on a
daily basis during the experiment and spleens weighed at termination. Co-
lons were formalin-fixed and Swiss-rolled for histological analysis and
stained with H&E, and the percent of ulcerated tissue along the entire co-
lon was calculated. Analysis was performed in a blinded manner.

Croton oil-induced contact hypersensitivity
Mice were treated with 10 uL 0.8% croton oil (Sigma Chemical Co., St.
Louis, MO, USA) in acetone applied to the outside of one ear pinnea. The
alternate ear was treated with acetone alone. Twenty-four hours after sensi-
tization, mice were killed humanely, and tissue from each ear was harvested
using a 6-mm biopsy punch to obtain an equivalent area of tissue at the
edge of the pinna. Ear weights were recorded, and the sample was fixed in
Zinc fixative (Invitrogen) overnight and paraffin-embedded, and sections
were stained with H&E.

Clinical chemistry
Serum from pairs of age-matched male and female WT and CD13 null ani-
mals was analyzed by the Research Animal Clinical Pathology Facility at the
Charles River Laboratories (Wilmington, MA, USA).

Illumina gene expression array analysis
Total RNA was isolated from peritoneal (two individual mice/genotype;
four samples) or BMDMs (one mouse, each genotype) from WT or CD13
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null mice using TRIzol, according to the manufacturer’s protocol. For qual-
ity control, RNA purity and integrity were evaluated by denaturing gel elec-
trophoresis, OD 260/280 ratio, and analysis on an Agilent 2100 bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). Total RNA was amplified and
purified using the Ambion Ilumina RNA amplification kit (Ambion, Austin,
TX, USA). Briefly, 300 ng total RNA was reverse-transcribed to cDNA using
a T7 oligo(dT) primer. Second-strand cDNA was synthesized, in vitro-tran-
scribed, and labeled with biotin-16-UTP. The labeled cRNA was analyzed
on the Agilent 2100 bioanalyzer and quantitated by Nanodrop analysis. The
labeled cRNAs were hybridized to the mouse WholeGenome-6 BeadChip
(Illumina Inc., San Diego, CA, USA) for 16 h at 58°C, as per the
manufacturer's instructions. The BeadChips were washed, stained with
streptavidin-Cy3, and scanned on the Illumina BeadArray Reader.

Analysis
Microarray data were extracted, normalized, and analyzed using Illumina
GenomeStudio software. Illumina MouseWG-6 v 2.0 Expression BeadChip
(Illumina Inc.) contains 50-mer gene-specific oligonucleotide probes corre-
sponding to 45,281 mouse transcript variants. There is, on average, a 30-
fold redundancy for each transcript per array. Intensity data were normal-
ized using the Quantile algorithm in GenomeStudio. The differential ex-
pression of each gene, relative to the respective control, was evaluated
using the Illumina custom error model that calculates a P value as a func-
tion of intensity, differential and biological; technical; and nonspecific vari-
ation. Those samples with P values �0.05 were deleted, the relative expres-
sion of CD13 null versus WT calculated and expressed as fold-WT expres-
sion, and the data ranked from low to high expression relative to WT
values. The 150 genes showing the highest differential expression are listed
in Supplemental Table 1. The dataset was analyzed further using Ingenuity
Pathway Analysis software (Ingenuity Systems, Redwood, CA, USA).

RESULTS

Production of CD13 null mice
Conditional CD13 null mice were produced in the UCHC
GTTF using modifications of the recombineering method de-
scribed in ref. [5]. The mCD13 gene is encoded by 20 exons
spanning nearly 40 kB on chromosome 7. A BAC containing
the CD13 gene identified by BLAST analysis was obtained
from the CHORI BAC repository and confirmed by Southern
blot analysis (data not shown). Repeated attempts to target the
5�-most region of the CD13 gene resulted in no recombinants
and prompted the revised strategy depicted in Figure 1A,
where LoxP recombination sites were inserted in introns be-
tween exons 3 and 4 and 13 and 14. Exposure of this con-
struct to the cre recombinase would result in a gene lacking
exons 4–13, which encode the enzymatic active site, the puta-
tive NGR-binding site [10], and the majority of the extracellu-
lar portion of the molecule. In addition, splicing between ex-
ons 3 and 14 introduces a frame-shift resulting in a stop codon
early in exon 14, which would be predicted to produce a pro-
tein lacking exons 4–20 (as depicted in Fig. 1B). We have ob-
served that relatively slight modifications to the CD13 protein
severely impair its trafficking to the cell surface and would pre-
dict that the large alteration induced by this deletion would
similarly affect cell surface expression. Indeed, transfection of
the C33a human epithelial cell line with a mutant V5-tagged
CD13 expression construct lacking exons 4–20 showed no cell
surface expression of the V5 tag (Fig. 1C). Transfection of mu-
rine ES cells with the targeting construct resulted in five
founder lines in the C57Bl/6 � 129 mixed background, and

one 6H11 was expanded for further study. After germ-line
transmission was confirmed, the mice were crossed to a trans-
genic strain expressing the Cre recombinase under the control
of the ubiquitous HPRT promoter on a mixed background to
create global CD13 null animals. Homozygous KOs were
healthy and fertile with no overt phenotypic or serologic ab-
normalities (data not shown), consistent with an indepen-
dently derived CD13 null strain [13]. Deletion of the floxed
region of the CD13 locus in homozygous null animals was con-
firmed by PCR analysis (Fig. 1D), and evaluation of CD13
mRNA and protein expression by RT-PCR (Fig. 1E) and immu-
nohistochemistry indicated a complete lack of expression in
kidney and small intestine (Fig. 1F), spleen, colon, and liver
(not shown) tissue of the null animals as compared with abun-
dant expression in the renal proximal tubules and brush bor-
der microvilli of WT controls. Interestingly, functional assess-
ment of the deletion with a standard colorimetric CD13 sub-
strate Ala-pNa (Fig. 1G, left; ref [14]) showed a striking
retention of peptidase activity in the serum of null animals,
although only background levels of the CD13 protein were
present in these samples when assessed by ELISA (Fig. 1G,
right), suggesting that this commonly used method of assess-
ing CD13 levels measures other peptidase activities as well, and
results using this assay should be interpreted with caution.

The hematopoietic profile of CD13 null mice is
normal
A role for CD13 in hematopoietic differentiation is implied by
its pattern of expression in various hematopoietic lineages. In
normal and neoplastic hematopoietic populations, CD13 is
expressed specifically on the earliest cell committed to the my-
eloid lineage (CFU-GM) and all of its differentiated progeny
and is a reliable diagnostic marker for certain types of leuke-
mia [3]. More recently, CD13 has been shown to be highly
expressed on adult pluripotent stem cells derived from multi-
ple sites [15–17] and differentiated ES cells [18, 19], as well as
subsets of peripheral blood progenitor cells [20]. In addition,
CD13 has been postulated to play a role in fetal liver hemato-
poiesis [21] and myeloid cell differentiation [22]. Finally,
CD13 expression has been reported to be controlled by vari-
ous hematopoietic differentiation factors such as IL-4 and
TGF-� [23–27]. However, its specific contribution to normal
hematopoiesis is unknown. Flow cytometric analysis of BM,
spleen, and thymic cell populations showed an indistinguish-
able distribution of cells of the myeloid B and T cell popula-
tions in WT and CD13 null adult animals (Fig. 2), with the
exceptions of a significant (P�0.025) increase in numbers of
the thymic CD4 populations in CD13 null mice, which is not
seen in peripheral organs, and a modest but nonsignificant
trend toward an increase in CD11b� cells (but not CD11b�/
F4/80� cells) in the BM of CD13�/� mice. Furthermore, in
vitro quantification of functional hematopoietic progenitor
populations (hematopoietic stem cell, early lymphoid progeni-
tors, and immature B cells) in spleen and BM indicated no
difference in total colony-forming ability of precursors from
the WT versus null animals (data not shown), suggesting that
CD13 is not a critical regulator of developmental hematopoie-
sis or hemostasis.
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CD13 is expressed in murine myeloid cell
populations
To confirm that CD13 is expressed in murine cells of the my-
eloid lineage and is deleted efficiently in these cells in the
CD13 null animals, we isolated primary BM macrophages, thio-
glycollate-elicited peritoneal macrophages, and BM-derived
DCs. RT-PCR analysis of mRNA purified from each of these
populations and control kidney tissue indicated that CD13
mRNA is present in cells isolated from WT but not CD13 null
animals (Fig. 3A), and flow cytometric analysis of CD13 pro-
tein on BM-derived DCs confirmed its expression on cells iso-
lated from WT but not CD13 null animals (Fig. 3B). A similar
examination of elicited peritoneal macrophages showed that
CD13 is expressed predominantly on those populations ex-
pressing high levels of CD11b protein (Fig. 3C). Further analy-
sis of the CD11b high population with the F4.80 macrophage
marker in WT and null animals shows identical cytometric pro-
files (Fig. 3D), arguing against a developmental defect result-

ing from the lack of CD13 in myeloid cells, and validating the
use of this population in our in vitro assays. As CD13 has been
implicated in numerous myeloid cell functions, we wished to
assess the function of CD13 null cells in these aspects.

CD13 expression does not affect stimulator or
responder capabilities in the MLR
Previous reports have shown that inhibition of CD13 dimin-
ished proliferative capacity of T cells in vitro and in vivo [28–
30]. To investigate whether the lack of CD13 expression alters
T cell responses, we tested the ability of WT and CD13 null
cells (H-2b haplotype) to stimulate or respond to the foreign
MHC molecules expressed on cells from the allogeneic Balb/c
strain (H-2d haplotype) in the MLR, which is a measure of the
ability of APCs to stimulate T cell responses and of the T cells
to be activated in response to antigen. A mixture of whole
splenocyte or purified T cell (Fig. 4A, left and right, respec-
tively) responder cells from WT or KO mice with mitomycin

Figure 1. Generation and charac-
terization of CD13 null animals.
(A) Schematic depiction of the
cloning strategy used to generate
the floxed CD13 allele showing the
exons, the location of the engi-
neered LoxP sites, primers used
for genotyping, and the resultant
deleted allele lacking exons 4–13.
(B) Predicted structure of full-
length CD13 homodimer (left)
based on the solved crystal struc-
tures of homologous bacterial [10,
11] and parasitic [12] proteins,
depicting the domain organization
and the buried active site (red cir-
cle). Structure of the truncated
CD13 protein that would be pre-
dicted to result from the deleted
allele (right). (C) Anti-V5 antibody
immunofluorescent detection of
the C33A human cervical carci-
noma cell line transiently express-
ing a truncated (left, 4�,6-dia-
midino-2-phenylindole-stained, ex-
ons 1–3) or full-length (right) V5-
tagged human CD13 cDNA. Cells
transfected with the truncated con-
struct showed no antibody reactiv-
ity. (D) PCR detection of the tar-
geted genomic locus using PCR
primers shown in A. (E) RT-PCR
of total RNA harvested from the
indicated tissues of WT, heterozy-
gous (HET), and null animals
(KO) with primers specific for
mCD13 cDNA or control GAPDH.
(F) Immunohistochemical detec-
tion CD13 in WT and KO kidney
(left) and intestine (right) using
an anti-mCD13 polyclonal antibody

shows staining of cells in the renal proximal tubules and the brush border microvilli (arrows). (G) Serum from CD13 null animals retains the abil-
ity to cleave the colorimetric Ala-pNa substrate (left), although it contains nominal levels of CD13 protein by ELISA assay (right). The graph is
representative of four independent experiments with analogous results. Bars represent the means and sd of four replicates.
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C-treated allogeneic Balb/c stimulator splenocytes showed no
significant difference in proliferation of either responder pop-
ulation to the activating stimulus. Similarly, WT and KO
splenocytes were capable of stimulating the proliferation of
Balb/c responder cells, suggesting normal levels of surface-
expressed stimulator molecules, such as MHC I/II, CD40, and
CD80/86, on CD13 null APCs, consistent with intact antigen-
presenting functions in the absence of CD13.

Lack of CD13 does not affect Fc�R- or scavenger
receptor-mediated phagocytosis
CD13 has been reported to be present in a complex with
Fc�Rs on the monocyte cell surface [30] and to act function-
ally as an accessory molecule to facilitate Fc�R-mediated
phagocytosis [32]. The latter study found enhanced phagocy-
tosis of antibody-modified target cells and prolonged down-
stream signaling upon engagement of the Fc�R in the pres-
ence of cross-linking mAb to CD13 in primary monocytes or
myeloid cell lines, suggesting that CD13 may be a functional
regulator of this receptor. To address the contribution of
CD13 to this process, we isolated BM macrophages (Fig. 4B,
left) or resident (Fig. 4B, right) or elicited (not shown) pri-
mary peritoneal macrophages from WT and CD13 null mice
and assayed their ability to phagocytose IgG-opsonized or con-
trol, nonopsonized sheep RBCs. Blocking phagocytosis by per-
turbation of microfilament assembly with cytochalasin D illus-
trates that basal uptake of nonopsonized RBCs does not occur
by phagocytic mechanisms. No difference was observed in the
microfilament-dependent phagocytic uptake of the opsonized
target cells in any of the myeloid lineages tested; thus, CD13 is

apparently dispensable for Fc�R-mediated phagocytosis in mac-
rophages and DCs. However, a reproducible reduction in ac-
tin-independent basal uptake by the null cells was apparent,
which was possibly relevant to studies implicating CD13 in
lipid uptake and metabolism [33–35] and those proposing that
CD13 is a target of the cholesterol uptake inhibitor Ezetimibe
in enterocytes and macrophages [36, 37]. To address a poten-
tial role of CD13 in actin-independent endocytic processes, we
assessed scavenger receptor-mediated uptake of oxLDL, which
has been reported to be unaffected by cytochalasin D treat-
ment [38]. Although untreated cells of either genotype
showed no lipid uptake (not shown), the percentage of lipid-
containing CD13 null BMDMs (Fig. 4C, left) or peritoneal
macrophages (Fig. 4C, right) was comparable with that seen
with WT cells, again, suggesting that CD13 is not required for
Fc�R-mediated phagocytosis or scavenger receptor-mediated
endocytosis.

CD13 is required for monocyte adhesion to
endothelial cell monolayers
We have demonstrated recently a new function for CD13 as an
adhesion molecule mediating monocyte/endothelial cell inter-
actions [39]. Cross-linking of CD13 with ligand-mimicking anti-
bodies or viral ligands results in increased cell-cell adhesion
and the formation of molecular complexes containing endo-
thelial and monocytic CD13, suggesting that CD13 may partici-
pate in some aspect of monocyte trafficking during inflamma-
tion. To address the role of CD13 as an adhesion molecule, we
purified CD31-positive primary lung microvascular endothelial
cells from WT animals and assessed the ability of WT or CD13

Figure 2. Hematopoietic profiles of CD13 null animals are
normal. Flow cytometric analysis of BM, spleen, and thymus of
CD13 null (HOMO), heterozygous, or WT animals. Six animals of
each genotype were analyzed. (A) Myeloid lineage cells
(CD11b�), granulocytes (CD11b�/Gr1�), and macrophages
(CD11b�/F4.80�). (B, top) CD4� and CD8� subpopulations of
total CD3� T cells in the spleen and BM, and (bottom) CD4/CD8 double-negative (DN), double-positive (DP), and single-positive populations
were assessed in CD3� thymic cells. (C) B220� B cells in the BM and spleen. Graphs represent the mean and sd. Significance was determined
by Student’s t-test.
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null BMDMs to adhere to WT endothelial monolayers, un-
treated or treated with anti-CD13 antibodies or control IgG.
Although overall adhesion of CD13 null cells was slightly lower
than WT to untreated or control monolayers, treatment of the
endothelial monolayer with cross-linking anti-mCD13 antibod-
ies significantly increased the adhesion of WT but not CD13
null macrophages (Fig. 4D), consistent with our results in hu-
man cells implicating CD13 as a myeloid adhesion molecule in
a gain-of-function manner.

CD13 is not required for certain acute inflammatory
processes
The role of CD13 as an adhesion molecule mediating interac-
tions between myeloid and endothelial cells suggests that it
may be required for optimal inflammatory responses. Consis-
tent with this notion, inhibition of CD13 has been reported to
lessen the severity of acute colitis in a murine model of inflam-
matory bowel disease, where it was reported to play a role in
TGF-�1 expression in T cells [40, 41]. However, induction of
colitis in WT and CD13 null animals showed no difference in
weight loss, a standard measure of disease progression
(Fig. 5A, top). In addition, spleen weight and the percent of
colonic ulceration in each genotype were comparable (Fig. 5A,
middle and bottom), arguing against a critical role for CD13
in this model.

Similarly, expression of CD13 has been reported to be in-
creased in the synovial fluid of patients with rheumatoid ar-
thritis, a process that involves the infiltration of inflammatory
cells into the affected region [42–46]. A second report found
that synovial CD13 levels correlated positively with the number
of infiltrating lymphocytes of arthritis patients [47]. To assess
the contribution of CD13 to the inflammatory phase of arthri-
tis, we used a model in which a cocktail of four anti-collagen
antibodies are injected, producing a rapid, synchronous dis-
ease independent of the MHC haplotype [8]. Assessment of
the response of CD13 null animals in this MHC-independent
CAIA again showed no discernable difference in the mean
clinical scores between WT and null animals injected with the
antibody panel at all time-points tested (Fig. 5B), suggesting
that CD13 does not mediate inflammatory cell infiltration into
the damaged synovium.

Our laboratory has shown previously that administration of
mAb against CD13 strongly diminished leukocyte transmigra-
tion in a mouse model of peritonitis [39]. To investigate if the
lack of CD13 resulted in fewer inflammatory cells infiltrating
into the peritoneum in vivo, we treated WT or CD13 null mice
with i.p. injections of thioglycollate broth and quantified the
infiltrating cells by peritoneal lavage at 4, 18, and 72 h post-
treatment. In contrast to antibody treatment, we found no sig-
nificant difference in cell numbers in the peritoneal exudates
of the two genotypes at the three time-points tested (Fig. 6A).
A similar dichotomy between antibody treatment and null ani-
mals in peritonitis has been described previously for other cell
surface molecules [48, 49] and is thought to be a result of an
agonistic rather than blocking function of the antibody. Fi-
nally, as the C57Bl/6 strain has been shown to be able to com-
pensate for the lack of other adhesion molecules that are criti-
cal for monocyte trafficking in other strains, we backcrossed

Figure 3. Myeloid cell populations express CD13 and show similar profiles
in CD13 WT and null animals. (A) RT-PCR analysis of CD13 mRNA expres-
sion in primary BMDMs, thioglycollate-elicited peritoneal macrophages
(pMO), and BM-derived DCs using primers specific for mCD13. K1D, kid-
ney. (B) Flow cytometric analysis of coexpression of CD13 and CD11c (BM-
derived DCs) and (C) CD11b on peritoneal exudate cells isolated from WT
or CD13 null animals. (D) F4.80 profiles of CD11b high populations of peri-
toneal exudate cells from WT and CD13 null animals are identical.
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the CD13 null animals onto the FVB background for 10 gener-
ations. These mice were fully capable of supporting cell infil-
tration into the peritoneum (Fig. 6B), arguing against a strain-
specific compensation in animals lacking CD13.

Finally, we tested the CD13-deficient mice in a fourth model
of inflammation, the croton oil-induced atopic dermatitis
model of acute inflammation, where local irritation is induced
by application of croton oil to the skin of one ear with control
vehicle on the other. In this model, histamine release from
activated resident mast cells produces measurable edema and
inflammatory cell infiltration. Comparison of WT and CD13
null-treated ears showed equivalent levels of edema as mea-
sured by weight (Fig. 6C), as well as the presence of compara-
ble numbers of phenotypically identifiable neutrophils in both
genotypes, whereas little to no extravasation was observed in
vehicle-treated control ears (data not shown). Taken together,
these data suggest that perhaps activation of CD13 by an as-

yet-unidentified ligand is necessary to observe an effect on in-
flammatory trafficking or that CD13 participates only in re-
sponse to specific inflammatory triggers.

Lack of CD13 does not induce expression of
compensatory genes
The lack of a phenotypic change in the various myeloid func-
tional assays may be a result of compensatory effects by up-
regulation of the expression of other molecules that partici-
pate in these processes. To assess the mRNA expression levels
of relevant genes in WT versus CD13 null myeloid cells, we
probed an Illumina Mouse-6 Microarray BeadChip with cDNA
prepared from thioglycollate-elicited peritoneal macrophages
from CD13 WT or KO animals. Subsequent analysis of the ex-
pression data of 45,281 transcript probes using GenomeStudio
software indicated that overall, the expression of 99.7% of the
genes assayed differed by less than twofold between CD13 null

Figure 4. Lack of CD13 expression does not affect myeloid
functions in vitro. (A) T cell proliferation in response to
allogeneic stimuli. Whole spleen preparations (left) or puri-
fied pan T cell populations (right) were cocultured in the
indicated combinations with mitomycin C-treated allogeneic
splenocytes from Balb/c or WT or CD13 null animals in
mixed lymphocyte cultures and the proliferative response of
responder cells assayed on Day 4. Control cultures included
incubation with syngeneic stimulator cells. Stimulation in-
dex was calculated as described in Materials and Methods.
The bars represent the mean and sem of n � 6 (whole
spleen) and n � 12 (purified T cells). (B) Fc�R-mediated
phagocytosis. Assessment of Fc�R-mediated phagocytosis by
BMDMs (left) or peritoneal macrophages (right) from WT
or CD13 KO animals. IgG-opsonized sheep RBCs (Opso-
nized) and untreated RBCs (Non-opsonized) were added to
phagocytes that were untreated or treated with cytochalasin
D to block phagocytosis (Opsonized � Cyt D), and phagocy-
tosis was detected colorimetrically. Bars represent the mean
and sem of n � 6. (C) Scavenger receptor-mediated phago-
cytosis. WT and CD13 null BMDMs (left) or peritoneal mac-
rophages (right) were assessed for their ability to internalize
human oxLDL, as detected by Oil Red O (ORO) staining.
Data are expressed as the percent � sd of Oil Red O con-
taining cells in 10 independent fields of n � 3. Untreated
cells (no oxLDL) of either genotype showed no Oil Red O
staining (not shown). (D) CD13 must be present on macro-

phages to adhere to anti-CD13 antibody-activated endothelial cells. Untreated, fluorescent-labeled, primary murine WT or KO peritoneal macro-
phages (Mac) were added to monolayers of WT murine lung microvascular cells, untreated or pretreated with IgG or K1 anti-CD13-activating
mAb, and adhesion assessed. Bars indicate mean and sd of fluorescence intensity of n � 6 independent experiments.
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and WT macrophages (Fig. 7 and Supplemental Table 1). Sim-
ilarly, analysis of the expression of specific genes involved in
pertinent functional pathways using Ingenuity Pathway Analysis
software showed no explicatory induction of relevant myeloid
genes, peptidases, adhesion molecules, etc. (data not shown),
arguing against an up-regulation of compensatory genes and
again, suggesting that many myeloid functions are largely inde-
pendent of CD13.

DISCUSSION

The expression of human CD13 on very early myeloid-commit-
ted progenitor cells as well as their differentiated progeny
strongly suggests a functional role for this cell surface mole-
cule in myeloid development or function [3]. Although nu-
merous reports have investigated CD13 functions using inhibi-
tors or blocking or activating mAb, direct genetic evidence for
its role in various myeloid cell functions has not been avail-
able. In the current study, we describe the production and
analysis of a mouse strain harboring a floxed CD13 allele
crossed with the ubiquitously expressed HPRT-cre transgenic
to delete nearly 40% of the coding region of the gene, includ-
ing regions specifying the enzymatic active site and the zinc-
coordinating region. These CD13 null mice are viable and fer-
tile, suggesting few developmental or physiological defects, in
agreement with studies describing an independently derived
CD13 null strain [12]. We find that similar to humans, CD13
mRNA and protein are expressed on murine peritoneal and
BMDMs and BM-derived DCs, and this expression is abrogated
completely in the null animals. Nevertheless, these cells appear
largely normal in many aspects of myeloid cell development
and function.

The lack of an overt phenotype in the CD13 null animals
could be a result of a number of reasons unrelated to its func-
tional role. It is formally possible that CD13 could be func-
tional at a reduced level in these animals, as the deleted allele
retains the promoter, transcriptional start site, and initiation
codon and thus, could produce a truncated transcript/protein
containing the first three exons (splicing of the remaining ex-
ons results in a frameshift to a stop codon early in exon 14).
However, we find that CD13 is undetectable at the mRNA level
using primers spanning the nondeleted region (nt 43–893).
This agrees with our in vitro data showing that expression of a
construct containing a truncated cDNA with exons 1–3 does
not produce a detectable, tagged protein (Fig. 1C), probably
as a result of instability of the truncated mRNA or incorrect
folding of the truncated molecule. Similarly, immunohisto-
chemical, flow cytometric, and ELISA assays confirm that the
CD13 protein is not detectable in cells and tissue from these
animals. The residual functional activity detected on the null
cells illustrates that the widely used Ala-pNa assay does not de-
tect CD13 activity specifically and should be used with caution.

Second, during development, the loss of deleted molecules
often results in up-regulation of functionally similar molecules
to compensate for the deficit [50]. However, our microarray
analysis of peritoneal and BMDMs showed a striking similarity
in expression levels among genes in the WT and null cells,
arguing against compensation. With regard to enzymatic activ-

Figure 5. Lack of CD13 expression has no effect on experimental coli-
tis (DSS, A) or collagen antibody-induced arthritis (CAIA, B).
(A) CD13 WT or null mice were administered 3% DSS, dissolved in
drinking water or water alone for 7 days. Mouse weights were re-
corded (top) and spleens weighed at termination (middle). The per-
cent of ulcerated colonic tissue (bottom) was determined histologically
and calculated as the percent of ulcerated tissue in the entire colon;
n � 5 mice/genotype. (B) CD13 WT or null mice were immunized
with Arthrogen-CIA mAb blend or PBS (Day 0). Assessment of disease
severity was initiated on Day 4, as described in Materials and Methods.
Each marker represents the mean � sem of clinical scores for five ani-
mals/genotype.
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ity and substrate cleavage, the argument for redundancy is
more compelling, as numerous cell surface peptidases share
overlapping substrate specificities. In this regard, although the
preferred substrates of CD13 are N-terminal neutral amino
acids, it can also cleave charged residues, albeit less efficiently.
It is possible that another enzyme is substituting for CD13 to
produce the necessary cleavage products. Another possibility is
that many of the published studies implicating CD13 used
monocytic cell lines and human peripheral blood monocytes,
and in the current study, we used primary macrophages and

DCs. It is formally possible that CD13 plays distinct roles in
monocytes and more differentiated myeloid cells, which is not
addressed in the current study. Finally, it has been shown that
genes contributed by the C57Bl/6 background strain can com-
pensate for a lack of critical adhesion molecules in inflamma-
tory responses, particularly peritonitis [51]. This may be rele-
vant to our studies, as the experiments described were per-
formed on animals, where 96% of their background genes
were contributed by the C57Bl/6 strain. In the previous study,
the effects of inflammatory challenge in PECAM-1 (CD31) WT
and null mice on the C57Bl/6 background were indistinguish-
able, and animals lacking PECAM-1 on the FVB background
showed severe impairment of their inflammatory responses.
However, in the current study, we found that CD13 is appar-
ently not required for leukocyte infiltration in the peritonitis
model in two independent inbred strains, arguing against a
background influence.

These caveats aside, we find that the CD13 null animals
have normal hematopoietic development and myeloid cell
function, suggesting it is not required for physiologic ho-
meostasis. Although this study is not exhaustive, we have fo-
cused on processes where CD13 has been implicated previ-
ously in studies using inhibitors or antibodies or where CD13
expression was shown to correlate with a particular function,
as these would be particularly relevant to this loss-of-function
analysis. For example, although treatment of animals with the
CD13 inhibitor aprotinin showed a significant decrease in dis-
ease severity in the DSS model of inflammatory bowel disease
[52], weight loss, the percent of ulceration, and spleen weight
in CD13 null animals are indistinguishable from that of WT

Figure 6. CD13 is not required for certain acute inflammatory processes. (A) Lack of CD13
does not affect the response to acute peritonitis on the C57Bl/6 genetic background. CD13
WT and null mice were injected i.p. with aged thioglycollate broth to induce peritonitis. Perito-
neal lavage fluid was collected at the indicated time-points and the number of cells assessed.
The data represent the arithmetic means and sem of three independent experiments each us-
ing five mice/genotype. (B) Lack of CD13 does not affect the response to acute peritonitis on
the susceptible FVB genetic background at 18 h; n � 10 mice/genotype. (C) CD13 is dispens-
able for the acute hypersensitivity response to croton oil. Croton oil or vehicle control was ap-
plied to alternate ears of CD13 WT and null animals and edema assessed by ear weight. Data
are represented as average � sd ear weight for n � 4 animals/genotype.

Figure 7. Gene expression analysis of CD13 WT and null peritoneal
macrophages. Genome-wide analysis of gene expression of over 45,000
transcript probes using the Illumina Mouse 6-array shows virtually
identical transcriptional profiles (99.7% varies by less than twofold)
between CD13 WT and null-elicited peritoneal macrophages (m�).
Dashed lines indicate deviations of �twofold.
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animals. Similarly, numerous studies have implicated a role for
CD13 in aspects of human T cell biology, where it has been
reported to be expressed on peripheral T cell subsets and acti-
vated T cells [53], where generally, treatment with CD13 in-
hibitors was described to diminish T cell proliferation via in-
creases in TGF-� production [28–30, 54]. This result seems at
odds with our observation of a significant increase in the num-
bers of CD4� T cells in the null thymus but may be a result of
the disparate origins (peripheral vs. thymic) of the T cells
studied. Alternatively, it is possible that lack of CD13 alters the
tight regulation of thymocyte selection, proliferation, or sur-
vival. Identification of the specific T cell subset(s) affected,
determination if the increase were T cell-intrinsic or a result
of stromal effects, and a possible impact on thymocyte traffick-
ing will be necessary to determine the exact mechanisms re-
sponsible for the increase in thymic CD4� cells in CD13 null
animals. Finally, although we have not focused specifically on
T cell functions, the MLR measures the ability of primarily
CD4� T cells to recognize and proliferate in response to a for-
eign histocompatibility antigen (MHC I or MHC II) presented
by allogeneic APCs in the culture. As such, it is a means of
assessing the capacity of the cells for self-recognition as well as
the levels and context of MHC and costimulatory molecules,
which are important for regulating the cell interactions in-
volved in normal immune responses. We found no significant
differences in the function of CD13 null cells when used as
responder or stimulator cells, suggesting that CD13 is not criti-
cal for T cell proliferation and that the levels and context of
molecules required for alloantigen presentation (stimulator)
cells are unaffected in the null cells. Discrepancies with the
published inhibitor studies may be the result of non-CD13-
specific, off-target effects of these peptidase antagonists or
again, compensatory mechanisms.

We do observe a slight but significant decrease in the up-
take of actin-independent, nonopsonized RBCs by CD13 null
macrophages but not in the scavenger receptor-mediated in-
ternalization of modified LDL, which is also actin-independent
[38]. Actin-independent mechanisms have been illustrated for
receptor-mediated and receptor-independent endocytosis and
appear to be dependent on the particular antigen and the cell
type [55, 56]. We [57] and others [36, 58–60] have implicated
CD13 previously in internalization of distinct surface proteins
in various cell types. For example, in endothelial cells, we
demonstrated that inhibition of CD13 impairs internalization
of the bradykinin/bradykinin receptor complex by perturbing
lipid raft organization, effectively inhibiting downstream signal
transduction, filopodia formation, and cell invasion [57]. It is
possible that the decrease in actin-independent uptake of
erythrocytes but not modified lipid suggests that CD13 partici-
pates in specific mechanisms of macrophage uptake, a possibil-
ity that we are pursuing currently.

In contrast to consequences of CD13 inhibition, studies
from our laboratory [39] and others have described CD13-de-
pendent gain-of-function effects in cells treated with anti-CD13
cross-linking antibodies that trigger signaling cascades, pre-
sumably mimicking ligand-receptor interactions. One func-
tional investigation into Fc�R-mediated phagocytosis in mono-
cytes demonstrated that CD13 is present in phagocytic vesicles,

and concomitant cross-linking of surface Fc�Rs and CD13 mol-
ecules enhanced phagocytosis and prolonged signaling via the
FcR [32], suggesting that CD13 may function as a signal regu-
lator. However, we see no difference in Fc�R-mediated uptake
of similarly opsonized targets in the presence or absence of
CD13. This may indicate that similar to other ligand-binding
signaling receptors, CD13 must be cross-linked first to induce
downstream signal transduction cascades. Alternatively, the
comparable phagocytic capacity of cells with or without CD13
could point to the fact that although CD13 cross-linking may
trigger processes that complement those elicited by the Fc�R,
it does not normally do so. Finally, it is possible that CD13
may be important in the phagocytosis of certain types of opso-
nized antigens that are also CD13 cross-linking ligands, which
would engage the FcR and CD13 and thus, be internalized
more efficiently. The identification of such ligands is a current
focus of our laboratory.

Although CD13 appears to be dispensable for many physio-
logic functions of myeloid cells, it is clearly necessary for
monocytes to adhere to anti-CD13-activated but not to classi-
cal, TNF-activated endothelial cells [39]. This finding may be
relevant to the defective angiogenesis reported in an indepen-
dently derived, global CD13 KO strain [6]. It is clear that in
many pathologic settings (such as wound-healing, tumors, isch-
emic injury), the cytokines produced by infiltrating, inflamma-
tory cells promote robust angiogenesis [61–63]. Monocyte ad-
hesion to the endothelium at the site of injury is a prerequisite
for inflammatory cell infiltration, and thus, a CD13-dependent
defect in adhesion would logically decrease the number of in-
filtrating cells, reduce proangiogenic cytokine levels, and im-
pair angiogenesis. Although the published study did not ad-
dress monocytic infiltration specifically, it may well contribute
to the observed phenotype.

The defect in CD13-dependent adhesion is also consistent
with the lack of a phenotype in response to the relatively ge-
neric inflammatory challenges tested in this study and may
also speak to the contradictory results from antibody-treated
versus null mice in the peritonitis model. Logically, specific
inflammatory challenges may elicit unique molecules that bind
to and cross-link CD13 and thus, are CD13-dependent,
whereas other immune challenges are not. Treatment with the
anti-CD13 antibody may mimic such a ligand and as such,
would produce a phenotype distinct from that of a loss-of-func-
tion model. Indeed, we have shown that cross-linking of CD13
with mAb or with its multivalent ligand, the human coronavi-
rus H229e [64, 65], leads to a signal transduction-dependent,
gain-of-function increase in monocyte adhesion to endothe-
lium [39]. It is possible that the virus has co-opted the normal
host response to cross-linking ligands to gain access to tissues
and so, may phenocopy such a ligand [39]. Thus, the role of
CD13 in myeloid cells awaits the identification of these li-
gands, which will undoubtedly be facilitated by the availability
of CD13 null animals.
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