
Am J Clin Exp Immunol 2013;2(2):172-185
www.ajcei.us /ISSN:2164-7712/AJCEI1305001

Original Article
The oxidase activity of vascular adhesion protein-1  
(VAP-1) is essential for function

Thomas Noonan, Susan Lukas, Gregory W Peet, Josephine Pelletier, Mark Panzenbeck, Adedayo Hanidu, 
Suzanne Mazurek, Ruby Wasti, Irina Rybina, Teresa Roma, Anthony Kronkaitis, Alycia Shoultz, Donald 
Souza, Huiping Jiang, Gerald Nabozny, Louise Kelly Modis 

Boehringer Ingelheim Pharmaceuticals, 900 Ridgebury Road, Ridgefield, CT 06877

Received May 14, 2013; Accepted May 29, 2013; Epub June 15, 2013; Published June 30, 2013

Abstract: Vascular adhesion protein-1 (VAP-1) has been implicated in the pathogenesis of inflammatory diseases 
and is suggested to play a role in immune cell trafficking. It is not clear whether this effect is mediated by the oxidase 
activity or by other features of the protein such as direct adhesion. In order to study the role of VAP-1 oxidase activ-
ity in vivo, we have generated mice carrying an oxidase activity-null VAP-1 protein. We demonstrate that the VAP-1 
oxidase null mutant mice have a phenotype similar to the VAP-1 null mice in animal models of sterile peritonitis and 
antibody induced arthritis suggesting that the oxidase activity is responsible for the inflammatory function of VAP-1.
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Introduction

Vascular adhesion protein-1 (VAP-1) has been 
suggested to play a role in immune cell traffick-
ing and has been implicated in the pathogene-
sis of inflammatory diseases including arthritis, 
multiple sclerosis, diabetes and atherosclero-
sis by influencing immune cell trafficking (via 
cell adhesion) and cell activation [1-5]. It is 
therefore a target of interest for autoimmune, 
inflammatory and fibrotic diseases and BIOTIE 
therapeutics is conducting Clinical trials with 
their anti-VAP-1 antibody. Several small mole-
cule inhibitors have also been described [6, 7]. 
VAP-1 is expressed at significant levels on 
endothelial cells, adipose tissue, smooth mus-
cle cells and is also found on pericytes and fol-
licular dendritic cells [2, 8]. However, its mecha-
nism of action as an immune modulator and its 
structure-function relationship is not clearly 
understood. 

VAP-1 is a 180 kD glycoprotein also known as 
semicarbazide-sensitive amine oxidase (SSAO) 
or copper-containing amine oxidase (AOC 3, EC 
1.4.3.6) that catalyzes oxidative deamination 
of primary amines. The enzymatic function has 
been studied using non-physiological sub-

strates such as benzylamine. The active site of 
SSAOs contains an essential topoquinone (TPQ) 
cofactor, which is modified from tyrosine in a 
copper dependent manner, and so these 
enzymes are also called copper containing oxi-
dases. The enzymatic reaction involves reduc-
tion of the primary amine with formation of a 
transient Schiff base via the TPQ with the 
release of an aldehyde. The reduced TPQ is 
then hydrolyzed with oxygen and subsequently 
hydrogen peroxide and ammonia are released. 
Mutation of this Tyrosine to Phenylalanine cre-
ates an oxidase dead version of the protein 
which is thought to be structurally intact and 
which leads to reduced leukocyte rolling and 
transmigration [9]. It has been suggested that 
VAP-1 can bind primary amines of proteins 
expressed on the cell surface and mediate a 
transient adhesion effect. The endogenous 
substrates are not all known, but it can oxidize 
methylamine and aminoacetone which are 
found in circulation and other substrates, such 
as Siglec 10 expressed on leukocytes [10] and 
Siglec 9 [11], have recently been described. 

In order to effectively target VAP-1, it is impor-
tant to understand what are the critical func-
tions to inhibit; whether it is necessary to block 
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protein binding or enzymatic function or both. 
Here, through the generation and characteriza-
tion of mice which express VAP-1 without oxi-
dase activity, we show that their phenotype is 
comparable to that seen with mice that lack 
VAP-1 protein completely and extend observa-
tions from in vitro experiments [9] demonstrat-
ing a role in leukocyte adhesion and trans- 
migration. 

Methods

Generation of KI mice

The VAP-1Y471F founder mice were generated by 
TaconicArtemis GmbH (Cologne, Germany) for 
Boehringer Ingelheim and genotyped as des- 
cribed in the supplemental information. 

Tissue preparation

Mice were anesthetized with inhaled isoflurane 
(Baxter Healthcare, Deerfield, IL) with a 
VetEquip anesthesia machine, blood was 
obtained by axillary bleed in citrate microcentri-
fuge tubes (Eppendorf) and the mice were sac-
rificed. The left atrium was cut and the lungs 
were perfused free of blood with 4-5 mL of cold 
phosphate buffered saline (PBS, Gibco) via the 
right ventricle. The thoracic aorta and the 
abdominal aorta to the renal arteries were 
removed. Abdominal fat pads were removed. 
Tissue was homogenized using a Fast-Prep 24 
(MP biomedicals, Solon, OH) All tissue was 
placed in weighed, pre-chilled tissue homogeni-
zation tubes (Lysing Matrix D), snap frozen in 
liquid nitrogen and stored at -70°C. For assay of 
tissue amine oxidase activity and western anal-
ysis, ice cold assay buffer (see VAP-1 oxidase 
assay below) was added in weight/volume 
ratios of 1:4 for lung and adipose tissue and 
1:8 for aorta. The tissue was processed twice 
for 30 seconds and the homogenate was cen-
trifuged at 13,000 rpm in a Beckman microfuge 
at 4°C. The supernatant was removed and 
quantified for total protein using Coomassie 
PlusTM Protein Assay Reagent from Thermo 
Scientific (Rockford, IL) according to the manu-
facturer’s instructions.

Western analysis

Samples (10 µg/lane) were run on a 4-12% Bis-
Tris gel from Invitrogen (Carlsbad, CA) using 
MES SDS buffer, and transferred to nitrocellu-

lose (0.45 µm) using semi-dry blotting (OWL 
Scientific, San Francisco, CA) at 200 mAmps for 
1 hour at room temperature. The membrane 
was blocked overnight at 4°C with Li-Cor 
Blocking buffer (Odyssey Cat No. 927-40000, 
Lincoln, NE) containing 0.1% Tween-20. Primary 
antibodies were anti-murine VAP-1 (Cat. 
#V84120-050 BD Transduction Labs, San 
Jose, CA) at 1:250 and anti-β-tubulin (Cat. #sc-
9104 Santa Cruz Biotechnology, Inc.) at 1:100. 
Secondary antibodies were goat anti-mouse 
IgG IR Dye 800 CW (Li-Cor cat. #926-32210) 
and goat anti-rabbit IgG IR Dye 680 (Licor cat. 
#926-32221) both used at 1:2000 dilutions. 
Densitometric signals at ~85 kD and ~50 kD 
were quantified on Li-Cor Odyssey Scanner 
software. Quantitative values were then given 
for each adipose sample normalized to β- 
tubulin.

TaqMan real-time quantitative PCR

Reverse transcription (RT) reactions were car-
ried out for each RNA sample in strip-well tubes 
using reagents from the TaqMan reverse tran-
scription reagents kit (cat #N808-0234, ABI). 
Each reaction tube contained 1000 ng of total 
RNA in a volume of 50 μL containing 1 x TaqMan 
RT buffer, 5.5 mM MgCl2, 500 mM of each 
dNTP, 2.5 mM of Random Hexamers, 0.4 U/mL 
of RNase inhibitor, and 1.25 U/mL of MultiScribe 
Reverse Transcriptase. RT reactions were car-
ried out at 25°C for 10 min, 48°C for 40 min 
and 95°C for 5 min [Note: the incubation at 
25°C for 10 min is necessary for the RT reac-
tion with random hexamers to obtain optimal 
results]. Upon completion of reverse transcrip-
tion, the RT reaction mixture was brought up to 
a final volume of 100 μL by diluting with 50 μL 
RNase-free water, and then placed at 4°C for 
immediate use in PCR amplification, or stored 
at -20°C for later use (similar results are expect-
ed at these two different storage tempera-
tures). Probes for VAP-1 (Mm00839624_m1), 
AOC 1 (Mm00504051_m1), AOC 2 (Mm- 
00841716_m1) and GAPDH (Mm99999915_
g1) were purchased from Applied Biosystems. A 
thermal stable AmpliTaq Gold DNA polymerase 
was used for the PCR amplification. Real-time 
PCR was performed in a MicroAmp Optical 
384-Well Reaction Plate (Applied Biosystems). 
Each well contained 20 ng total RNA), 5.5 mM 
MgCl2, 200 mM dATP/dCTP/dGTP, 400 mM 
dUTP, 1 x TaqMan assay-on-demand probe mix, 
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0.01 U/mL AmpErase, and 0.025 U/mL 
AmpliTaq Gold DNA polymerase. Amplification 
conditions were 2 min at 50°C (for AmpErase 
UNG incubation to remove any uracil incorpo-
rated into the cDNA), 10 min at 95°C (for 
AmpliTaq Gold activation), and then run for 40 
cycles at 95°C for 15 s, 60°C for 1 min. All reac-
tions were performed in the ABI 7900HT 
Sequence Detection System for the reference, 
test samples and no template controls. They 
were run in triplicates using the Sequence 
Detector V 2.3 program. The Rn and Ct were 
averaged from the values obtained in each 
reaction.

Recombinant protein production

Human VAP-1 (41-755) and VAP-1Y471F (41-755) 
with a mutated GST N-terminal fusion tag (with 
Cysteines at position 85, 138, and Serine at 
position 178) were expressed in pcDNA-Dest40 
Gateway Vector (Invitrogen, Carlsbad, CA). The 
native signal sequence was replaced with a 
murine IgG heavy chain signal peptide and a 
HRV protease cleavage site was introduced 
after the mutated GST fusion tag. HEK 293 
cells were transfected with the expression vec-
tors for VAP-1 using Freestyle MAX (Invitrogen) 
transfection reagent according to the manufac-
turer’s protocol and selected with 500 µg/mL 
G418 (Invitrogen). Human VAP-1 (41-755) was 
expressed in pools of stably expressing cells as 
described [12]. VAP-1Y471F (41-755) was tran-
siently expressed using 293fectin (Invitrogen) 
in HEK 293F cells which were harvested after 
120 hrs. Both VAP-1 proteins were purified from 
fresh biomass by affinity chromatography using 
Glutathione Sepharose 4B resin (Amersham 
Biosciences) in the presence of 0.1% TWEEN-
20 as described [12]. 

VAP-1/AOC oxidase assay

The AOC luminescence assay is based on the 
MAO-Glo Assay (Cat. #V1401, Promega 
Technical bulletin 2007 Instructions for use of 
products V1401 and V1402. [Part #TB345. 
http://www.promega.com/tbs/tb345/tb345.
pdf and 12]). The assay buffer was modified 
from the “physiological HEPES” [13] and con-
sisted of 50 mM HEPES pH 7.4, 5 mM KCl, 2 
mM CaCl2, 1.4 mM MgCl2, 120 mM NaCl, 
0.001% Tween 20, and 100 µM TCEP (Thermo 
Scientific, Rockford, IL). Catalysis reactions 
ranged from 60 mins (recombinant protein with 

27 µM substrate) -120 min (aorta and adipose 
tissue and 1 nM recombinant WT control mate-
rial with 20 µM substrate) 37°C followed by a 
20 min 37°C detection reaction, after which 
Relative Light Units were counted on an LJL 
BioSystems Analyst AD (Molecular Devices, 
Sunnyvale, CA). The Promega MAO-Glo sub-
strate was solubilized as a 16 mM 100% DMSO 
stock. This resulted in a ≤ 0.5% DMSO contribu-
tion from the substrate after dilution into the 
assay, depending on the substrate concentra-
tion. Assay plates were from Greiner (Cat. 
#655075). The compound inhibitor was solubi-
lized in 100% DMSO, and serially diluted in 
100% DMSO prior to being diluted into assay 
buffer and added to the plate resulting in 1% 
final DMSO that was mimicked in control and 
background samples. Adipose homogenate (26 
µg) was pre-incubated for 20 min at 37°C with 
varying concentrations of the compound of 
interest plus 1 µM each of clorgyline & deprenyl 
prior to initiating the assay with 23 µM sub-
strate and carrying out the Standard Assay (60 
min catalysis). Background with no homoge-
nate or compound of interest, plus clorgyline 
and deprenyl was subtracted from each sam-
ple. The IC50 curve was generated by SigmaPlot 
regression fitting using the Equation Category 
“Sigmoidal” and the Equation Name “Hill 3 
Parameter”.

Assessment of leukocyte profile

Citrate anticoagulated blood was tested for 
white blood count, hematocrit and differentials 
using a Beckman Coulter AcT Diff Coulter 
Counter for WT and VAP-1Y471F mice (n=10/
group, respectively). White blood cell counts 
and differentials were reported as mean ± SD 
(x 10-3/µL) and lymphocyte, granulocyte and 
monocyte differentials were as mean ± SD (x 
10-3/µL) and as a percent; hematocrits were 
also reported as a percent. Statistical analysis 
was performed using the unpaired Student’s t 
Test. 

Flow cytometry

Spleen and bone marrow from femurs and tib-
ias of four 8-10 week old naïve WT and four 
VAP-1Y471F mice were prepared as a single cell 
suspension by passing through 100 µm mesh 
(Becton Dickinson), washing with 10 mL cold 
Dulbecco’s modified Eagles medium (DMEM, 
Gibco), then passing through a 40 µm mesh fil-
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ter. The filtered washed cells were centrifuged 
at 600Xg and resuspended in 2 mL FACS buffer 
(0.5% bovine serum albumin, 0.1% sodium 
azide (Sigma, St. Louis) with 10 µg/mL Fc block-
ing antibody (anti-CD16/CD23 BD Pharmingen, 
clone 2.4G2). Cell counts were performed in a 
Coulter Z2 counter, and FACS buffer with FC 
block was added to bring the cell concentration 
to 3-7 x 106 cells/mL. 

For analysis of spleen lymphocytes, nine ali-
quots of 70 µL were placed in 96 well round 
bottom plates for each sample. To one of each 
of the wells was added 70 µL of FACS buffer or 
the following antibodies each at 5 µg/mL: anti-
CD3-FITC (eBioscience clone 145-2C11), anti-
CD4-PE (eBioscience, clone GK1.5), anti-CD8-
PerCP-Cy5.5 (BD Pharmingen, clone 53-6.7), 
anti-CD19-APC-Cy7 (BD Pharmingen, clone 
1D3), all four antibodies combined, all 4 iso-
type control antibodies combined, (eBioscience 
Armenian hamster IgG-FITC, rat IgG2b κ-PE, rat 
IgG2a-κ-PerCP-Cy5.5, rat IgG2a-κ-APC-Cy7, 
respectively), CD45-PE (BD Pharmingen, clone 
30-F11), and individual isotype control 
IgG2b-κ-PE.

Bone marrow cells were aliquotted and stained 
for CD45 and lymphocytes as above and an 
additional six aliquots were plated and stained 
as follows: To one of each of the wells was 
added 70 µL of FACS buffer or the following 
antibodies each at 5 µg/mL: anti-F4/80- FITC 
(eBioscience clone BM8), anti-GR-1-PE (eBio-
science clone RB6-8C5), anti-CD115-APC 
(eBioscience clone AFS98), all three antibodies 
combined, and combined isotype control anti-
bodies (eBioscience rat IgG2b κ-PE, rat IgG2a 
κ-FITC, rat IgG2a κ-APC, respectively). For both 
staining protocols, after binding for one hour, 
the cells were washed twice with FACS buffer, 
resuspended in 100 µL PBS, fixed with 100 µL 
2% paraformaldehyde, and stored at 4°C until 
analyzed on a Becton Dickinson LSRII flow 
cytometer. Cell percentages were multiplied by 
total cell counts to determine absolute num-
bers of each cell type. Leukocytes were select-
ed by gating on CD45 staining. Lymphocytes 
falling in regions consistent with CD45+ cells 
were gated as either T cells (CD3+) or B cells 
(CD19+). CD3+ cells were further subdivided 
into CD4+, CD8+, or CD4+ and CD8+. Myeloid 
cells falling in regions consistent with CD45+ 
cells were further defined as polymorphonucle-
ar leukocytes (neutrophils, PMNs) by positive 

staining for GR-1 but not F4/80 or CD115. 
Macrophages were found to stain with F4/80 
and in some cases also GR-1 or CD115. All 
F4/80 positive cells were defined as macro-
phages. Monocytes were defined as positive for 
macrophage colony stimulating factor (c-fms) or 
CD115 but F4/80 negative to avoid duplicate 
counting. From bone marrow there were popu-
lations that were CD115 and GR-1 positive, 
which are bone marrow monocytes [14, 15] 
and were included in monocyte counts. For 
acute peritonitis studies, washed peritoneal 
cells were resuspended in FACS buffer contain-
ing 10 µg/mL of Fc blocking antibody (anti-
CD16/CD32). Six aliquots of 70 µL were placed 
in 96 well round bottom plates for each sample. 
To one of each  of the wells was added 70 µL of 
FACS buffer or the following antibodies each at 
5 µg/mL: anti-GR-1-PE (eBioscience clone RB6-
8C5), anti-F4/80-FITC (eBioscience clone 
BM8), anti-CD115-APC (eBioscience clone 
AFS98), all three antibodies combined, individ-
ual isotype control antibodies (eBioscience rat 
IgG2b µ-PE, rat IgG2a µ-FITC, rat IgG2a µ-APC, 
respectively), and combined isotype control 
antibodies. For chronic peritonitis studies, 
washed peritoneal cells were resuspended in 
FACS buffer containing 10 µg/mL of Fc blocking 
antibody (anti-CD16/CD32). In addition to ali-
quots listed above for acute peritonitis, addi-
tional cells were stained for CD45 and sepa-
rately for CD3, CD19, and for confirmation, 
CD115. Gating for cell definition was as above. 
Negligible CD3 positive cells were found in both 
naïve and thioglycollate induced peritonitis and 
were not reported. After staining with the anti-
bodies as listed above, all cells were washed 
twice with FACS buffer, resuspended in 100 µL 
PBS, fixed with 100 µL 2% paraformaldehyde, 
and stored at 4°C until analyzed on a Becton 
Dickinson LSRII flow cytometer. 

Peritonitis

Acute peritonitis was induced by intra-peritone-
al injection of 0.5 mL of 3% Brewers modified 
thioglycollate (BBL, Lot No. 8252207) prepared 
according to the manufacturer’s instructions. 
Four hours later, the mice were anesthetized by 
inhaled isoflurane, sacrificed by cervical dislo-
cation and the peritoneal space lavaged with 7 
mL of cold phosphate saline buffer with 1% 
fetal bovine serum albumin (Invitrogen) and 1 
µM sodium EDTA (Sigma, St. Louis). The recov-
ered lavage was placed on ice, centrifuged at 
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600Xg at 4°C, the supernatant decanted and 
resuspended in 2 mL FACS buffer with 10 µg/
mL Fc blocking antibody (see above). Cell 
counts were determined on each sample using 
a Coulter Z1 counter, model OO34. For acute 
TNFα-induced peritonitis, the stimulus was an 
intra-peritoneal injection of 50 ng TNFα (R & D 
Systems, 410-MT), lavage was performed six 
hours after injection, and all other procedures 
were the same as above. Chronic peritonitis 
was induced by injection of 0.5 mL of 3% 
Brewer’s modified thioglycollate medium. Three 
days later, the mice were lavaged and cells 
washed and counted as described above. 
There were 10 mice per group. The statistical 
tool used was a Student’s T-test. 

Anti-type II collagen antibody induced arthritis 
(CAIA)

Prior to experimentation, all animal procedures 
were in compliance with and approved by the 
BIACUC. An acclimation period of at least five 
days was observed before initiating the experi-
ment. Animals were housed using paper bed-
ding, constant humidity and temperature, a 
twelve hour light dark cycle with food and water 
provided ad libitum. Female C57BL/6 VAP-1 
enzyme dead knock-in (VAP-1Y471F) mice and WT 
C57BL/6 female mice were 9-11 weeks of age 
at the start of the experiment (n=10 per group). 
On day 0, mice were given an intra-peritoneal 
(I.P.) injection of 8 mg Arthrogen CIA mAb blend 
(Chemicon International). On the morning of 
day 3, 50 µg of LPS was injected I.P. To prevent 
dehydration resulting from endotoxin adminis-
tration, mice were given 0.5 mL lactated ring-
ers (at 37°C) subcutaneously on the afternoon 
of day 3. Disease progression and severity 
were assessed via a visual scoring system from 
day 3-14. Each limb was graded as follows: 0, 
normal; 1, edema in 1-2 digits; 2, edema in > 2 
digits or mild edema about the tibiotarsal joint; 
3, moderate edema to include the metatarsals; 
4, maximal edema to include the metatarsals 
and phalanges. The clinical score per paw was 
summed to give a maximal severity score of 16 
for each animal. Body mass was monitored on 
days 0, 3, 5, 7, 10, 12, and 14. On day 14, 
under deep anesthesia, blood was collected 
via cardiac puncture for serum analysis, mice 
were sacrificed, lung and aorta tissues excised 
and frozen, and paws collected in 10% neutral 
buffered formalin. 

For graphing, group mean and standard error of 
the mean values were generated for both clini-
cal score and body mass on days when data 
were recorded. Four paw summed values were 
used to generate area under the curve (AUC) 
values reflecting the clinical score with respect 
to time for each animal. To determine signifi-
cance, AUC values from all members of a treat-
ment group were tested against those of the 
vehicle control group by the Mann Whitney test 
using α=0.05. Percent inhibition was calculat-
ed for each treatment group by subtracting the 
treatment group mean AUC from the vehicle 
control mean AUC, dividing this difference by 
the vehicle control mean AUC value and multi-
plying the quotient by 100. 

Results 

Generation of VAP-1Y471F mice

We generated mice that expressed an enzyme 
dead version of VAP-1 by making a tyrosine to 
phenylalanine mutation in exon 1 of VAP-1 
through homologous recombination in ES cells 
to create a constitutive VAP-1Y471F allele (Figure 
1A). The point mutation (TAT to TTT) was intro-
duced by PCR and the selectable marker gene 
was flanked by frt sites, which allowed it to be 
removed in ES cells before chimeric mice were 
generated. The introduction of the mutation 
was verified by sequencing the Su0053 con-
struct and mice were genotyped by PCR using 
primers that spanned the remaining frt site 
(Figure 1B). The VAP-1Y471F mice were healthy 
and fertile and were produced at Mendelian 
frequencies. 

In order to verify that the mice expressed VAP-1 
protein, we performed western analysis on adi-
pose tissue (Figure 2A) and aorta (data not 
shown), as both tissues were previously des- 
cribed as having high levels of VAP-1 [16]. The 
protein concentration was calculated and 
lysate corresponding to 10 μg protein was 
resolved. A band which crossreacted with the 
anti-VAP-1 antibody is highlighted at 85 kDa 
and the expression was normalized to the β Tu- 
bulin band for each sample. The average ratio 
for VAP-1 to β-tubulin is 2.2 +/- 0.9 (standard 
deviation) in wild type mice and is 2.9 +/- 1.2 in 
VAP-1Y471F mice confirming normal expression of 
VAP-1 in the VAP-1Y471F mice. Similar results 
were obtained with western blots of aorta. 
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As exon 1 of the VAP-1 gene is 1 kb downstream 
from the AOC 2 gene, we examined the mRNA 
expression of AOC 2 in adipose tissue (Figure 
2B), lung and aorta (data not shown). The VAP-1 
gene expression is comparable between the 
wild type and VAP-1Y471F mice. AOC 2 gene 
expression is at lower levels than VAP-1 and is 
also comparable between wild type and the 
VAP-1Y471F mice with relative expression levels 
at 7 and 5. AOC 1 was also analyzed in these 
samples and was at the limit of detection (data 
not shown). It is important to understand the 
relative levels of related oxidases in the tissues 
before evaluating the enzyme activity levels of 
VAP-1Y471F as all three enyzmes can use benzyl-
amine as a substrate.

Prior to generating the VAP-1Y471F mice, we con-
firmed that the VAP-1Y471F protein was indeed 
enzymatically inactive in a bioluminescent 
assay (described in the Materials and Methods) 

and as reported [9]. Recombinant truncated 
wild type VAP-1 (41-755) protein (described in 
Materials and Methods) gave robust activity in 
the assay whereas the VAP-1Y471F protein 
showed activity comparable to background, 
even under conditions of 200 nM protein (40 X 
what is required for wild type activity) (Figure 
3A). Tissue samples from wild type and VAP-
1Y471F mice either aorta (Figure 3B) or adipose 
(Figure 3C) were prepared and assayed as 
described (Materials and Methods). In both 
cases, the wild type tissue homogenate gave 
robust activity with adipose tissue showing 
higher oxidase activity than aorta, while VAP-
1Y471F tissue homogenate displayed activity sim-
ilar to background. 1 nM of recombinant VAP-1 
(41-755) was assayed in parallel as a positive 
control. Clorgyline and deprenyl were added in 
order to inhibit any non-specific MAO-A and 
MAO-B signal. Finally, adipose tissue homoge-
nate from 9 wild type mice (used in Figure 3C) 

Figure 1. Generation of VAP-1Y471F mice. A: Schematic representation of the wild type (WT) VAP-1 locus, the target-
ing vector Su0053 and the targeted VAP-1Y471F allele after Flp recombination. The exons are indicated by numbers 
(1-4) on the WT locus and by boxes (solid black for coding and hatched for non coding). 5’ and 3’ genomic DNA and 
introns are shown as solid black lines. The Neomycin and thymidine kinase cassettes are shown as a white box and 
FRT sites are shown as grey triangles. The Y471F mutation is indicated in exon 1 and the short and long homology 
arms of the targeting vector are shown as a dashed line with the lengths indicated. The VAP-1Y471F allele with the 
primers used for PCR genotyping is shown as black bars labelled ‘c’ and ‘d’. B: PCR analysis of genomic DNA. Lanes 
1-7 show the PCR results from 6 mice in the colony. Lane 7 is a wild type control, lane 8 is no DNA control and the 
DNA ladder is indicated by ‘Ld’. The sizes of the fragments amplified are indicated, 475 bp and 317 bp.
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was pooled to prepare a uniform sample in 
order to assay with a specific VAP-1 inhibitor. 
LJP 1586, in a 10 point dose response curve to 
generate an IC50 of 15.4 nM (Figure 3D) as 
reported [7]. This further confirmed that the 
response measured in Figure 3C is indeed 
VAP-1 activity.

Phenotype of VAP-1Y471F mice

VAP-1Y471F mice were viable, born at Mendelian 
frequencies and bred normally. They appeared 

healthy, with the only notable difference being 
a slight tendency of being overweight, particu-
larly noticed in the males. Similar to what has 
been published for the VAP-1 null mice [17], 
there were no differences between wild-type 
(WT) and the VAP-1Y471F mice in peripheral total 
white blood cell counts (Table 1). There were 
also no significant differences between WT and 
VAP-1Y471F mice in circulating lymphocytes, gran-
ulocytes, platelets, or erythrocytes. The num-
ber of monocytes in peripheral blood was not 
significantly greater in VAP-1Y471F vs. WT mice 

Figure 2. VAP-1 and AOC 2 expression in VAP-1Y471F mice. A: Western blot analysis of adipose tissue from 6 wild type 
VAP-1 (WT) and 6 VAP-1Y471F mice. The upper panel shows the blot probed for VAP-1 and the lower panel shows the 
same blot which was probed for βTubulin. The VAP-1 and βTubulin bands are indicated with arrows in each case. 
The molecular weight standard is indicated by Mol. Wt. Stds (kDa) and the 98 and 49 kDa bands are highlighted. B: 
Quantitative PCR on 20 ng of cDNA generated from adipose tissue from wild type VAP-1 (WT) and VAP-1Y471F mice. 
VAP-1 is indicated with a black bar and AOC 2 is indicated with a grey bar. The relative expression of each of the 
genes to GAPDH is shown on the x axis. The data represents an average of 9 wild type and 8 VAP-1Y471F mice and the 
standard deviations are shown with error bars.
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Figure 3. Ex vivo oxidase activity of wild type VAP-1 and VAP-1Y471F. A: Human recombinant VAP-1 (41-755) (5 nM) 
and human recombinant VAP-1 (41-755)Y471F (200 nM). (n=3) were assayed in a bioluminescent assay with a 60 
min reaction time as outlined in the Materials and Methods. Relative light units (RLU) are indicated on the y axis. B: 
Wild type (WT) aorta (n=7 mice) and VAP-1Y471F aorta (n=8 mice). Each sample included 48 µg total protein assayed 
in duplicate. 1 nM human recombinant VAP-1 (41-755) and samples without homogenate or enzyme (BGND) (both 
n=4) are also included. C: Adipose tissue homogenates (25 µg in quadruplicate) from wild type (WT) and VAP-1Y471F 

mice (n=9 each) were assayed in the presence of 1 µM of both clorgyline and deprenyl. 1 nM human recombinant 
VAP-1 (41-755) and samples without homogenate or enzyme (BGND) (Both n=12) are also included. Bars represent 
averaged experimental data and error bars represent standard deviation. D: LJP1586 was assayed against wild 
type adipose homogenate (26 µg of protein pooled from 9 mice) and the IC50 was determined. Data are presented 
as a percentage of control activity with compound of interest, plus clorgyline & deprenyl (n=12). Symbols represent 
experimental data and are triplicate samples with backgrounds subtracted. 

Table 1. Peripheral blood: Complete blood count and differential analysis

Wild type mice (n=10) VAP-1Y471F (n=10)
Parameter Unit Mean +/- SD Mean +/- SD p value
White blood cells x 103/µL 10.6 1.9 13.6 4.4 0.263
Lymphocytes x 103/µL 9.4 1.7 11.0 2.8 0.354
Monocytes x 103/µL 0.5 0.1 1.0 0.4 0.055
Granulocytes x 103/µL 0.8 0.3 1.6 1.2 0.259
Red blood cells x 103/µL 8.67 0.2 8.36 0.4 0.202
Hemoglobin g/dL 14.3 0.4 14.7 0.3 0.228
Hematocrit % 47.4 2.7 46.8 2.9 0.763
Platelets x 103/µL 1084 257 1138 180 0.742
Blood samples from ten VAP-1Y471F and ten WT mice were analyzed by Beckman AcT Diff Coulter Counter. Mean Leukocyte and 
platelet counts are given in thousands, erythrocyte counts in millions along with standard deviation (SD) and the p value from 
unpaired Student’s T test. Hemoglobin values are in grams/deciliter (g/dL) and hematocrit is in calculated percent.
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(p=0.055, Table 1). There were also no differ-
ences in the calculated hematocrit or hemoglo-
bin for VAP-1Y471F mice. 

The spleen and bone marrow from VAP-1Y471F 
and WT animals were characterized by flow 
cytometry (CD3+, CD4+, CD8+ and CD4+CD8+ T 

Table 2. Flow cytometry evaluation of leukocyte populations in spleen and bone marrow

Wild type mice (n=10) VAP-1Y471F (n=10)
Bone marrow leukocytes CD45+ Mean (%) +/- SD Mean (%) +/- SD p value
CD3+ 0.21 0.05 0.26 0.04 0.27
CD4+ 0.06 0.01 0.06 0.01 0.26
CD8+ 0.10 0.02 0.14 0.04 0.14
CD19+ 2.06 0.34 1.90 0.41 0.55
Gr1++ CD115- F4/80- 5.34 0.22 10.26 3.03 0.05
CD115+ Gr1-/+ 0.78 0.05 1.14 0.46 0.23
F4/80+ Gr1-/+ 1.61 0.16 1.99 0.47 0.30
Spleen leukocytes (%)
CD3+ 5.96 2.34 5.82 0.97 0.88
CD4+ 3.35 1.41 3.17 0.59 0.74
CD8+ 2.44 0.87 2.46 0.32 0.97
CD19+ 14.04 4.24 12.27 1.88 0.34
Cells isolated from the femur and tibia or spleens of four VAP-1Y471F and four wild-type mice stained with fluorescently labeled 
antibodies to CD3, CD4, CD8, CD19, GR-1, F4/80, CD115 and analyzed by flow cytometry. Percentages of each cell type and 
total cell count were used to determine the number of each cell type (x 105). Mean, standard deviation (SD) and p value from 
unpaired Student’s T test provided.

Figure 4. Leukocyte trafficking in mouse acute and 
chronic peritonitis models. A: VAP-1Y471F mice do not 
show a defect in neutrophil (PMNs) trafficking in 
response to acute (4 hour) challenge with thiogly-
collate media (thio). B: If peritonitis was allowed to 
develop into the macrophage-rich chronic peritonitis, 
there was still no difference between wild-type (WT) 
and VAP-1Y471F mice. C: When acute peritonitis was 
induced with TNFα, reduced influx of leukocytes (p 
≤ 0.5) was evident in VAP-1Y471F mice compared to 
wild-type mice. Graph legend: Grey; GR-1+, F4/80-, 
CD115- cells. Hatched; F4/80+ and/or CD115+ cells. 
Black; CD19+ cells. White; Non-myeloid cells (A and 
C), non-myeloid, non-CD19+ cells (B).
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lymphocytes and CD19+ B lymphocytes) and no 
significant differences were observed (Table 2). 
The bone marrow of VAP-1Y471F mice contained 
two fold higher neutrophils than WT mice which 
may reflect a defect in exit of granulocytes in 
the absence of enzymatically active VAP-1. 
Macrophages (F4/80+) and monocytes 
(CD115+) were not significantly elevated in the 
bone marrow of VAP-1Y471F mice (Table 2).

Evaluation of VAP-1Y471F mice in models of cell 
trafficking and inflammation

The VAP-1Y471F mice were evaluated in three dif-
ferent models of acute peritonitis; thioglycol-
late induced neutrophil recruitment (at 4 hrs), 
thioglycollate induced macrophage recruitment 
(at 72 hrs) and TNF induced neutrophil recruit-

ment (at 6 hrs). Both naïve WT and VAP-1Y471F 
mice had similar numbers of leukocytes recov-
ered in the peritoneal wash (Figure 4A). GR-1+ 
neutrophils were absent and F4/80+ macro-
phages and CD115+ monocytes were present 
in small numbers. VAP-1Y471F mice did not dem-
onstrate any deficit in neutrophil influx in 
response to stimulation with thioglycollate. 
Four hours after injection of thioglycollate 
media, there is an influx of neutrophils as 
defined by GR-1+, F4/80-, CD115- staining 
(Figure 4A). Similarly, the number of macro-
phages and monocytes in VAP-1Y471F mice recov-
ered 72 hrs after thioglycollate were the same 
as WT. The pattern of leukocytes isolated from 
peritoneal wash changed with some remaining 
GR-1+ neutrophils and large numbers of F4/80+ 
macrophages, many of which still also express 

Figure 5. Anti-collagen induced arthritis. A: 
VAP-1Y471F mice (open symbols) and wild-type 
mice (black symbols) response to anti-col-
lagen induced arthritis as measured by paw 
swelling (B) Daily inflammation scores were 
summed to calculate AUC (21% difference be-
tween groups). C: Tissue histology of pannus 
development (light grey) and bone damage 
(dark grey) inflammation (black) and cartilage 
damage (white). 



VAP-1 oxidase null mice have reduced neutrophil trafficking

182	 Am J Clin Exp Immunol 2013;2(2):172-185

CD115 indicating monocytes differentiating 
into macrophages (Figure 4B). In this experi-
ment CD19 was used to define B cells in the 
peritoneal wash showing that a significant por-
tion of the peritoneal cells in naïve mice are B 
cells. Less CD19+ cells are found at 72 hrs and 
again there were no differences between WT 
and VAP-1Y471F (Figure 4B). However, when TNFα 
was used as the stimulus for acute peritonitis, 
there were 50% less neutrophils found at 6 hrs 
in the peritoneal wash of VAP-1Y471F mice than 
WT (Figure 4C) similar to what has been 
observed for the VAP-1 null mice [17]. 

The response of VAP-1Y471F mice was also tested 
in an Anti-type II Collagen Antibody Induced 
Arthritis (CAIA). Arthritis was induced in both 
VAP-1Y471F and WT mice by injection of a cocktail 
of anti-collagen antibodies followed by a perito-
neal injection of LPS. The time to onset of 
observable inflamed paws was the same in 
both WT and VAP-1Y471F (Figure 5A). Both groups 
reached a plateau in the inflammation around 
day 8 and there was slightly less inflammation 
in VAP-1Y471F (21% decrease in AUC) (Figure 5B). 
At the endpoint, the paws were fixed in forma-
lin, sectioned and stained, and histological 
assessment was performed by a pathologist 
blinded to treatment (Figure 5C). There was no 
reduction in mean score for inflammation or 
cartilage damage but both pannus formation 
and bone damage were significantly less in 
VAP-1Y471F compared to WT mice. 

Discussion 

A role for VAP-1 in mediating leukocyte migra-
tion and propagation of inflammation has been 
proposed to be facilitated by both its enzymatic 
activity [9] and direct adhesion, as demonstrat-
ed with blocking antibodies [18]. Previous 
investigators have demonstrated the impor-
tance of VAP-1 by generating knock-out mice 
lacking VAP-1 [17], however it is not clear if 
VAP-1 function is dependent on the oxidase 
activity or on other structural features of the 
protein. It is important to understand the con-
tributions of each aspect of VAP-1 in order to 
correctly target it therapeutically. We sought to 
test the relative importance of these concepts 
in vivo by eliminating the oxidase activity but 
leaving the VAP-1 protein intact. 

We therefore generated and characterized 
mice with an oxidase dead VAP-1 protein by 

making a point mutation in the active site of the 
protein (VAP-1Y471F). We have shown that this 
mutant has no detectable oxidase activity as a 
recombinant protein in vitro and we confirmed 
that although the protein is expressed at com-
parable levels to the wild type protein in vivo, 
there is no detectable activity in all tissues ana-
lyzed where expression is high (e.g. aorta, lung, 
blood, adipose tissue). There are four SSAO 
family members in addition to VAP-1; AOC 1 
(soluble), AOC 2 (retina specific) and AOC 4 
(inactive pseudogene) and we evaluated their 
mRNA expression to look for changes in expres-
sion but none were observed. 

Gross phenotypic analysis showed that the 
VAP-1Y471F mice are viable, fertile and appear 
normal, including their hematological profile. 
There are slight differences in the numbers and 
ratios of cells in the VAP-1Y471F mice compared 
to the VAP-1 KO mice, which most likely can be 
attributed to the establishment of the mice on 
different background strains (C57BL/6 vs 
S129). The only abnormal observations were 
slight weight gain as the animals get older, par-
ticularly in males, as described [19], and a 
defect in neutrophil trafficking under certain 
circumstances also described by [17] in the 
VAP-1 KO animals. The trafficking defect was 
demonstrated in a TNFα-induced sterile perito-
nitis model of neutrophil trafficking where VAP-
1Y471F mice had ~50% fewer neutrophils traffick-
ing than WT mice. This is a subtle effect as 
thioglycollate induced trafficking to the perito-
neum, of neutrophils at 4 hrs or monocyte/
macrophages at 72 hrs [20], was normal in the 
VAP-1Y471F mice. Thioglycollate stimulation is a 
more complex stimulus; it is a mixture of pro-
tein carbohydrate and electrolyte components 
that includes glycation end products which 
stimulate Receptors for Advanced Glycation 
End products (RAGE). Stimulation of RAGE 
induces inflammatory cascades that produce 
TNFα and other mediators including IL-6, MIP2α 
and activation of the NF-κB and activator pro-
tein-1 pathways [21-23]. Taken together, the 
results of thioglycollate-induced and the TNFα-
induced peritonitis in VAP-1Y471F mice, suggests 
that VAP-1 is important for TNFα-induced traf-
ficking but not so important under other circum-
stances such as the response to thioglycollate 
media. TNFα is a major physiological player in 
this process of neutrophil trafficking, as illus-
trated by many studies including the use of 
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TNFα null mice. Stolen et al [17] reached a simi-
lar conclusion after finding clear evidence of a 
role for VAP-1 in TNFα peritonitis and also in a 
model of autoimmune diabetes using VAP-1 KO 
mice. The VAP-1 KO mice respond normally to 
bacterial infection [9]. 

The animals were further evaluated in an anti-
collagen antibody-induced model of arthritis, 
as this model is less strain dependent than 
other models, avoids potential additional fac-
tors such as antigen presentation, lymphocyte 
homing and activation, and is a common model 
of rheumatiod arthritis in man. The anti-colla-
gen antibody-induced arthritis model is depen-
dent on PMNs, on complement fixation, and is 
relatively rapid in onset of inflammation [24]. 
This model also is enhanced when LPS is given 
three days after administration of the anti-col-
lagen antibody cocktail which is known to 
induce TNFα release. Therefore this model 
depends on PMNs and TNFα, both of which we 
have shown to have modified responses in the 
VAP-1Y471F mice. 

The VAP-1Y471F group of mice showed a slight 
decrease in inflammation as measured by AUC 
(21%) and histology compared to wild type 
mice. Several of the VAP-1Y471F mice did not 
develop disease, and those that did develop 
disease showed slightly less severe inflamma-
tion compare to the wild type controls as high-
lighted by the histological evaluation. These 
results are very similar to those reported in 
VAP-1 KO mice [25] where on day 6 the clinical 
score per paw was approximately 40% less 
than WT littermates. These findings are consis-
tent with a mild cell trafficking defect and are 
very similar to what was observed with the 
VAP-1 KO mice. Stolen et al. [17] utilized intravi-
tal microscopy to demonstrate that VAP-1 is 
important in mediating PMN rolling velocity, 
adherence, and transmigration in inflamed cre-
master muscle, and also showed that anti-
VAP-1 antibody had a similar effect. Some anti-
VAP-1 antibodies (VAP-1 (TK8-14), Santa Cruz, 
sc-33670, VAP-1 clone 174-5 from HyCult 
Biotech (HM2213), and VAP-1 mouse mAb 7-88 
(HyCult Biotech, HM1094) against human, 
mouse and rat did not inhibit enzymatic activi-
ty, tested up to 20 µg/mL, 10 µg/mL and 10 
µg/mL, respectively, in our assay (data not 
shown, for methods see [12]). Stolen et al. [17] 
have also demonstrated reduced lymphocyte 
homing to peripheral lymph nodes and spleen. 

They attributed the partial reduction in PMN 
accumulation in VAP-1 KO mice to other adhe-
sion molecules and observed further reduction 
in rolling flux in VAP-1 KO mice following admin-
istration of anti-L selectin. 

There are several published reports of small 
molecule inhibitors of VAP-1 providing anti-
inflammatory effects in animal models of 
inflammation [25-27]. These molecules are 
reactive hydrazines and irreversibly inhibit 
VAP-1 which can be very useful to define the 
role of VAP-1 inflammation. However, it is not 
clear how specific these molecules are and 
there may be covalent modification of other 
important proteins that affect inflammation 
and may explain the enhanced anti-inflamma-
tory effect beyond what was found in VAP-1 KO 
mice [25]. Thus, the VAP-1Y471F mice have 
allowed us to examine the enzymatic role of 
VAP-1 specifically.

Given the similarity of the VAP-1Y471F mice and 
the VAP-1 KO mice phenotypes, our conclusion 
therefore is that VAP-1 activity is dependent on 
oxidase activity. This suggests that a small mol-
ecule, which inhibits the oxidase activity, would 
be sufficient to block VAP-1 effects in vivo and 
may have an impact on human disease. It fur-
ther suggests that protein or antibody inhibitors 
of VAP-1 should block the active site in order to 
maximize their impact. Although the impact of 
VAP-1 is very limited in mouse models of arthri-
tis, as shown in this work and with knockout 
animals, the VAP-1Y471F mice represent a useful 
tool for estimating the impact of pharmacologi-
cal inhibition of VAP-1 in a variety of other 
mouse models as investigators consider the 
relevant disease indications for VAP-1 inhibi-
tors such as metabolic disease, atherosclero-
sis and fibrosis. 

Non standard abbreviations

VAP-1, vascular adhesion protein-1; SSAO, 
semicarbazide-sensitive amine oxidase.
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