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CHAPTER 4 

Abstract 
Background: Arteriogenesis is orchestrated by circulating cells, that invade locally 
in growing collateral arteries and act as suppliers of the required cytokines and 
growth factors like FGF-2 and PDGF. CD44 is a type 1 transmembrane glycoprotein 
that is involved in several processes that are an intrinsic part of arteriogenesis like 
leukocyte adhesion, but also growth factor activation and stabilization as well as 
endothelial cell proliferation. This prompted us to study the role of CD44 during 
arteriogenesis. 

Methods and results: We show thai the expression of CD44 increases strongly 
during collateral artery growth in a murine hindlimb model of arteriogenesis. 
Arteriogenesis is severely reduced in C D 4 4 " mice as measured with fluorescent 
microspheres. Hampered arteriogenesis in CD44"" mice is accompanied by reduced 
leukocyte trafficking to sites of collateral artery growth. Moreover the expression of 
FGF-2 and PDGF is clearly reduced as assessed immunohistochemically. Using 
Laser microdissection and subsequent RT-PCR analysis we show that mRNA levels 
of these growth factors however are not reduced in CD44" mice, suggesting a 
decreased stability of the FGF-2 and PDGF proteins in the absence of CD44. 
Finally, a clinical correlate was shown. Collateral flow index as measured in patients 
with a significant coronary stenosis (> 90%) correlated well with the expression of 
CD44 on monocytes that were isolated from these patients simultaneously. 
Conclusion: We show for the first time that CD44 is required for normal collateral 
artery development. The absence of CD44 leads to defective leukocyte trafficking to 
sites of arteriogenesis and decreased expression of FGF-2 and PDGF. Finally, a 
positive correlation between Collateral Flow index and CD44 expression on 
activated monocytes was shown in patients with single-vessel coronary artery 
disease, suggesting a clinical relevance for CD44 signaling in collateral artery 
development. 
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Introduction 
Arteriogenesis refers to the development of collateral conductance arteries '' . The 
development of a collateral circulation is a natural escape mechanism to overcome 
the negative effects of arterial obstruction on tissue perfusion and performance. 
Collateral arteries protect against ischemic damage after myocardial infarction or 
stroke and alleviate symptoms like angina pectoris and ischemic leg pain • . 
However, the innate response to arterial obstruction is very heterogeneous . In some 
patients collateral arteries can form a sufficient compensatory circulation, even in 
case of triple-vessel coronary artery disease. Other patients however, hardly develop 
any detectable collateral circulation. In order to better understand this heterogeneity 
as well as to design strategies for the treatment of patients with arterial occlusive 
disease via therapeutic arteriogenesis, the consecutive steps in the process of 
arteriogenesis remain to be elucidated. 
One of the factors that might play a role in this multifactorial process is CD44. 
CD44 is a type I transmembrane glycoprotein 6 and is expressed on a wide variety of 
cell types, including epithelial, endothelial and mesenchymal cells. The CD44 gene 
comprises 10 so-called constant (or constitutive) exons and, depending on the 
species, 9 to 10 variable exons 7"9. The inclusion of the different combinations of 
variable exons in the mature mRNA may give rise to over 1,000 possible splice 
variants (isoforms) (reviewed in ,0). The functions of this family of molecules may 
affect arteriogenesis on many levels. First of all, CD44 serves as a homing receptor 
for leukocytes 6 " , by virtue of its ability to bind to hyaluronic acid '2. Others and we 
showed that leukocytes, especially monocytes, play a determinant role during 
collateral artery growth '3' . Monocytes accumulate around proliferating arteries 
and serve many goals like the production of MMPs, pro-inflammatory cytokines, as 
well as growth factors 15"17. Secondly, the presentation of several pro-arteriogenic 
factors as well as their half-lifes after cellular release are influenced by CD44 ' 
Finally, it was shown that CD44 is involved in angiogenesis 2 t u l , a process that is 
different in several aspects from arteriogenesis, but sharing a common feature of 
endothelial cell proliferation. 

The purpose of the present study was to determine whether CD44 is indeed involved 
in natural arteriogenesis, and whether the targeted disruption of the CD44 gene 
influences the development of a collateral circulation upon arterial occlusion. We 
studied the expression of CD44 during collateral artery growth in a murine hindlimb 
model of arteriogenesis. In a second step we compared leukocyte trafficking as well 
as vascular development in CD44 knockout mice with that in wildtype C57BL/6J 
mice. Tissue distribution of Fibroblast Growth Factor-2 (FGF-2), Platelet Derived 
Growth Factor-B (PDGF-B) and Vascular Endothelial Growth Factor (VEGF)was 
determined immunohistochemically in order to identify possible pathways through 
which CD44 can affect collateral artery growth. Moreover, collateral arteries were 
harvested with laser micro-dissection microscopy and RNA expression of the 
aforementioned growth factors was then assessed using real-time RT-PCR. Effects 
of CD44 deletion on collateral artery growth in the mouse hindlimb model were 
quantified with the use of fluorescent microspheres and subsequent FACS-analysis 
as described previously 22. Finally, CD44 expression on activated monocytes derived 
from patients with single vessel coronary artery disease was measured and we 
determined whether a correlation exists with Collateral Flow Index (CFI). 
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Methods 
Animals 
Speciiled pathogen-free 8 to 10 week old CD44 deficient (CD44"") mice on a 
C57BL/6J background were as described 23. Wild type (CD44~'~) C57BL/6J mice 
were purchased from I f f a Credo, L*Arbresle. France. In all experiments, sex and age 
matched controls were used. All mice were kept in conventional housing, subject to 
a 12 hour dark/light cycle with ad libitum access to water and food. A priori 
approval for the experiments had been obtained from the institutional animal 
experimentation committee and experiments were performed according to the 
"Guide for the Care and Use of Laboratory Animals" (NIH Publication No. 85-23, 
revised 1996). 

Animal operation 
A total of 37 CD44" male mice as well as 38 age-matched C57BL/6J control mice 
were used for this study. Animals weighed between 25 and 35 gram and were 8 to 
10 weeks of age. 
Animals were anaesthetized using ketamin and xylazin. A skin incision was 
performed in the right upper limb to expose the femoral artery. The femoral artery 
was then ligated using double sutures with an approximate distance between the 
ligation sites of 5 mm. The most proximal suture was positioned distal from the 
arteria femoris profunda, in order to keep intact its function as feeder vessel for the 
collateral arteries. Special care was taken also to leave the accompanying femoral 
vein and nerve intact. When applied in C57BL/6J mice, such operation technique 
does not result in massive tissue necrosis and mice recover hindlimb function within 
several days, leading to practically normal physical function at day 7. Due to the 
absence of severe ischemia and the preserved architecture of the preexisting 
collateral circulation, arteriogenesis is the predominant form of vessel growth in this 
model. 

Immunohistochemistry 
Tissues were harvested from the proximal hindlimb (m. Quadriceps and m. 
Adductor), 7 days after femoral artery ligation (CD44""": n=9, C57BL/6J: n=9) snap-
frozen at -150 °C in methylbutane, pre-cooled with liquid nitrogen and stored at -80 
°C until further processing. For all histological examinations 7 urn sections with 50 
um distance between the sections were prepared. For each staining procedure a total 
of 5 sections was analyzed per animal . Micrographs were taken with a fluorescence 
microscope (DMR, Leica) equipped with a digital camera (DC 300F, Leica). 
Quantitative analyses were performed in a blinded fashion. 

CD44 expression during collateral artery growth was detected with a rat anti-mouse 
CD44-specific monoclonal antibody (IM7, Pharmingen, San Diego, CA, 1:200). In 
addition CD44 staining was performed on hindlimb tissue derived from 2 mice that 
had not been subjected to any kind of intervention before sacrifice. These 
experiments were performed to determine the baseline CD44 expression in normal 
quiescent endothelium. A mouse-specific antibody against CD1 lb (Serotec, Oxford, 
UK, 1:150) was used in order to detect infiltrating leukocytes around collateral 
arteries in the adductor and quadriceps muscles. The total number of CD1 lb positive 
cells, as well as the percentage of total cells, was determined in predefined squares 
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around muscular arteries of 273 um X 273 um. Capillaries were detected with an 
antibody specifically recognizing mouse-CD31 (Serotec, 1:200). In order to quantify 
angiogenesis, capillaries were then counted at a magnification of 200X. Expression 
of VEGF (clone A20 which recognizes the 165, 189 and 121 amino acid splice 
variants of VEGF, 1:200, Santa Cruz Biotechnology, Santa Cruz, CA), FGF-2 
(1:200, Santa Cruz Biotechnology) and PDGF-B (1:100, Oncogene Science. 
Cambridge, MA) in collateral arteries were all detected withrabbit polyclonal 
antisera against the relevant mouse epitopes. After incubation with the above-
mentioned primary antibodies, a peroxidase staining was performed using an ABC-
complex kit (Dako, Glostrup, Denmark). Tissues were then counterstained with 
haematoxylin. Negative controls were performed for all immunological stainings by 
omission of the primary antibody. In addition to immunohistochemistry, quantitative 
analysis was performed on HE stained sections of quadriceps and adductor muscles. 
Total arterial lumen area per mm2 as well as mean arterial wall thickness were 
quantified. 

Laser microdissection 
Cryo-preserved specimens from hindlimb tissue (CD44 -/-: n=6, C57BL/6J: n=6) 
were cut into serial 5-um sections that were mounted on UV-treated slides covered 
with PEN-foil (PALM, Bernried, Germany). Sections were then fixated for 15 sec 
in ethanol 70% and stained with haematoxylin for 60 seconds. Slides were 
dehydrated with ethanol 50%, 70% and 100% respectively and air-dried for 10 min 
at 37 °C. Using a Leica AS LMD microscope (Leica, Wetzlar, Germany), collateral 
arteries were harvested from quadriceps and adductor muscles. In these muscles, 
under normal conditions large muscular arteries are only rarely observed. Upon 
femoral artery ligation, a strong development of muscular arteries is observed 
leading to approximately 3-5 muscular arteries per section. These are easily 
identified as collateral arteries due to swollen endothelium and the presence of a 
perivascular infiltrate of leukocytes. A total of 12-20 samples was then harvested per 
slide. After laser dissection, samples were collected in a buffer solution (0.5 M 
EDTA, 1 M Tris, 0.5 % Tween 20 in DEPC treated water (pH 8.0)). 

RNA isolation 
After spinning the samples down into the cup, lysis buffer was added and the cup 
incubated at 42°C for 30 minutes. RNA was isolated with Qiagen-Minispin columns 
according to the manufacturer's instruction (Qiagen, Hilden. Germany). An 
additional DNase digestion step was performed to remove DNA contaminations. 
Therefore. 54.5 Kunitz units DNase (Qiagen, Hilden. Germany) solved in RDD 
buffer (Qiagen, Hilden, Germany) were directly added onto the spin-column 
membrane and incubated for 15 min at room temperature. RNA was concentrated 
via glycogen precipitation and solved in lOul RNase free water. 

cDNA synthesis and realtime RT-PCR 
Isolated total RNA was mixed with 500 ng of random primer (Promega, Madison, 
WI) and heated in a thermo block at 70°C for 10 min. Then samples were quickly 
cooled on ice, shortly centrifuged and reverse-transcribed in the presence of 1 ul per 
20 ul reaction volume PowerScript Reverse Transcriptase (Clontech, Palo Alto. 

61 



CHAPTER 4 

USA). Reactions were carried out at 42°C for 70 min in 20 ul of buffer consisting of 
1 x first strand buffer (Clontech). 10 mM DTT, and 1 mM dNTP mixture (Peqlab, 
Erlangen. Germany). The reaction was stopped by heating the sample for 15 min at 
70°C and the resulting cDNA was 1:50 diluted with sterile water. Of the diluted 
cDNA, 9 ul was transferred into a single well of an optical 96-well reaction plate 
(Applied Biosystems, Weiterstadt, Germany) for realtime PCR with the Prism 7700 
(Applied Biosystems), mixed with 11 ul SYBR Green PCR Master Mix (Applied 
Biosystems) and 1 ul each of the gene specific primer pairs (5 pmol/1). Primers were 
designed with Primcr3 2A (www.genome.wi.mit.edu/genome_software/other/primer) 
to generate products of approximately 80 bp in size and with a melting temperature 
of 59°C. A typical PCR protocol took approximately 2.5 hr to complete and 
included a 10 min denaturation step followed by 40 cycles with a 95°C denaturation 
for 1 min. and 60°C annealing and extension steps for 1 min. The quantification data 
were analyzed with sequence detection software (ABI PRISM 7700 Version 1.7). 
Specificity of the primers to generate a single product was tested routinely by 
agarose gel electrophoresis and cthidium bromide staining. Data were evaluated as 
AR„ (normalized reporter signal minus the baseline signal found in the first few 
cycles of PCR) vs. cycle number. Choosing a threshold in the linear range of 
amplification, a threshold cycle (CT) was calculated which represents the PCR cycle 
at which an increase in reporter fluorescence above a baseline signal can first be 
detected. The CT for all target sequences was than normalized against the Cz value 
obtained for 18S RNA in the same samples. 

Measurements of collateral perfusion in mice 
The development of the collateral circulation was quantified either acutely after 
ligation (CD44" ' : n=6. C57BL/6J : n=6), at day 3 (CD44 " : n=7. C57BL/6J : n=7) 
or at day 7 ( C D 4 4 " : n=9. C57BL/6J : n=8). For this purpose a perfusion with 
fluorescent microspheres was performed of the isolated hindlimbs as described 
earlier. In summary, a catheter was inserted in the abdominal aorta and isolated 
hindlimbs were perfused with 4 differently coloured fluorescent microspheres (red. 
blue-green, orange, yellow-green; diameter 15 um; Molecular Probes, Eugene, OR). 
These micropsheres were diluted in a buffer solution of NaCl 0.9%, adenosine (5 
mg/liter) and Tween 20 (I ml/liter). Each differently colored microsphere was 
infused at a certain pressure level (70, 80, 90 and 100 mm Hg) that was generated 
via an exogenous pressure system. After the last microsphere infusion, animals were 
killed and tissue was harvested for further analysis. This tissue was derived from the 
peripheral hindlimb (m. Gastrocnemius and m. Peroneus) that is perfused 
completely via the collateral circulation after femoral artery ligation at the above 
described level. After digestion of the tissue, microspheres were counted using 
FACS analysis and perfusion was expressed as the percentage of micropsheres in the 
ligated as compared to the non-ligated leg. 

Measurement of collateral flow index and monocytic CD44 expression in patients 
We prospectively included a total of 15 consecutive patients who were referred to 
the cardiac catherization lab for a percutaneous transluminal coronary angioplasty 
(PTCA) of a single coronary lesion (> 80% on QCA). Baseline characteristics are 
shown in table 1. Pressure based collateral flow index (CFI) was measured as 
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previously described. Briefly, CFI, defined as the ratio between coronary wedge and 
aortic pressure (Pw/Pao), was determined during balloon inflation using a guidewire, 
equipped with a pressure sensor on the tip (Wavewire; JOMED, Rancho Cordova, 
CA, USA). Subsequently, a total of 10 ml arterial blood was collected from the 
insertion catheter. Mononuclear cells were isolated over a Ficoll-gradient according 
to standard procedures. Approximately 5 X 105 cells/ml were incubated with a 
mouse anti-human CD44 antibody (Hermes 3, 1:1000, PE as a secondary linked 
fluorescent label) and a FITC-labeled mouse anti-human CD 14 antibody (Becton-
Dickinson Biosciences, San Jose, CA, 1:500) for detection of monocytes. Using 
FACS-analysis (FACSCalibur System; Becton-Dickinson, San Jose, CA) mean 
fluorescence intensity (MI) for CD44 was measured on CD 14 positive monocytes 
after background substraction. Linear regression analysis was then performed for 
CFI and MI. 

Statistical analysis 
Results are presented as mean ± standard deviation. Significant differences between 
sample means were determined with an independent-samples T-test. Differences 
with a p-value < 0.05 were classified as significant. For the correlation between 
CD44 expression and CFI, we performed a normal linear regression analysis. 

Results 
CD44 expression is strongly increased during arteriogenesis 
Seven days after femoral artery ligation in C57BL/6J control mice, we detected a 
very strong expression for CD44 in collateral arteries in quadriceps and adductor 
muscles (figure 1). The expression of CD44 was found both in endothelial cells (co-
localized with CD31) at the luminal vessel side, in cells constituting the media and 
in perivascularly accumulated infiltrating cells (co-localized with CD1 lb). We 
observed only very low endogenous expression of CD44 in resting control arteries, 
harvested from the non-ligated limb. In these vessels CD44 expression was limited 
to the adventitia whereas media as well as endothelium showed no expression of 
CD44. CD44 expression did not increase in skeletal muscle from the ligated 
hindlimb. Capillaries stained positive for CD44 in both the control as well as the 
ligated hidlimb. We further confirmed endogenous expression of CD44 by quiescent 
endothelial cells in tissue derived from animals that had not undergone any kind of 
intervention before sacrifice. A total lack of staining in tissues derived from CD44 
knockout mice confirmed specificity of the monoclonal rat anti-mouse CD44 
antibody IM7. 

Leukocyte-infiltration around collateral arteries 
Leukocyte-trafficking was strongly hampered in CD44"" mice. Upon femoral artery 
ligation, CD1 lb positive leukocytes accumulated around collateral arteries in both 
quadriceps and adductor muscles of control mice. Although leukocytes were also 
detected around arteries in CD44 knockout mice, their number was significantly 
reduced as compared to control mice, showing a defective leukocyte trafficking in 
these mice under circumstances of collateral artery growth (control : 29% ± 12% vs. 
CD44": 18% ± 7% CDI lb positive cells/square, PO.01) (figure 2). 
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Hindiimb angiogenesis is not reduced in CD44 -/- mice 
We observed no statistical significant difference, when comparing capillary 
countings between CD44"" and control mice, neither in the adductor (control : (6.9 ± 
1.8)* 102 capillaries/mm2 vs. C D 4 4 " : (6.8 ± 1.9)* 102 capillaries/mm2, P=ns) nor in 
the quadriceps muscle (control : (7.2 ± 2.9)* 102 capillaries/mm2 vs. CD44'" : (7.6 ± 
3.3)* 10" capillaries/mm", P=ns) (figure 3). 

Expression ofFGF-2 andPDGF during arteriogenesis is reduced in CD44'' mice 
The expression of FGF-2 was reduced in collateral arteries of CD44"' mice as 
compared to control animals (figure 4). Similarly, we observed only a very weak 
expression of PDGF in CD44" mice as compared to the expression in littennate 
controls (figure 5). Both endoluminal as well as vascular wall cells expressed FGF-
2 and PDGF in control mice. Perivascular cells and skeletal muscle expressed FGF-2 
and PDGF only minimally. Expression of PDGF in CD44" mice was limited to 
endoluminal cells. 

Both in CD44 "mice as well as their littennate controls, not only vascular wall cells, 
but also skeletal muscle cells strongly expressed VEGF. No clear difference existed 
for VEGF expression in CD44 knockout and wildtype mice. The above mentioned 
growth factors were only minimally expressed in control sections of non-ligated 
hind limbs. 

No significant difference in mRNA content 
PCR analysis of dissected collateral arteries showed tendency towards increased 
levels for all analyzed growth factors in CD44 "mice, however these differences 
were not statistically significant (Figure 4). 

CD44'" mice show severely reduced restoration of tissue perfusion upon femoral 
artery ligation 
CD44 wildtypc mice showed decreased function of the right hindlimb, both acutely 
after ligation of the femoral artery as well as at day 3. At day 7, none of the 8 CD44 
wildtype mice showed a macroscopically visible loss of function. However, in 8 out 
of 9 CD44""mice hindlimb function was severely hampered, even at day 7 after 
ligation. 

Quantitative perfusion data parallelled these observations. Tissue microsphere 
perfusion did not differ between control mice and CD44""mice acutely after femoral 
artery ligation (control: 6.2% ± 2.5% vs. CD44: 8.2% ± 0.9%, P=ns). Three days 
after femoral artery ligation we observed a trend towards decreased restoration of 
perfusion in the CD44""mice (control: 14.2% ± 5% vs. CD44: 10.8% ± 2 .1%, 
P=0.06). Seven days after ligation a clear difference became evident between the 
control mice and the CD44""mice in the restoration of perfusion (control: 54.5% ± 
14.9% vs. CD44: 24 .1% ± 9.2%, P O . 0 0 1 , Figure 6). Finally, both mean arterial wall 
thickness as well as the ratio of total luminal area and tissue area were significantly 
reduced in ligated hindlimb musculature of CD44"' mice as compared to control 
mice (Figure 7 and 8). 

CFI and expression of CD44 on CD 14 positive monocytes derived from patients 
with single-vessel coronary artery disease correlated positively (R=0.76, R2=0.58, 
P=0.002, Figure 9). Stimulation of cells with LPS at different concentrations during 
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the entire protocol did not further increase the fluorescence intensity for CD44. 
indicating that the Ficoll-isolation and staining procedures had already maximally 
stimulated CD44 expression on CD14 positive monocytes in each individual case 
(data not shown). 

Discussion 
The present study provides direct evidence for a pivotal role of CD44 during 
collateral artery development upon arterial obstruction. Normal endogenous 
expression of CD44 in the hindlimb musculature is limited to capillaries. In larger 
sized arterioles and arteries, expression is minimal and only found in adventitial 
cells. Upon femoral artery ligation, we observed a dramatic upregulation of CD44 in 
collateral arteries in the quadriceps and adductor muscles. CD44 was strongly 
expressed on both the endothelium, within the vascular wall as well as on 
perivascular accumulated leukocytes. The specific deletion of the CD44 receptor by 
the use of CD44 knockout mice impaired leukocyte trafficking to perivascular sites 
of collateral arteries. Moreover, the expression of PDGF and FGF-2 were both 
decreased. Most importantly, restoration of flow upon femoral artery ligation was 
severely hampered in CD44 knockout mice. Finally, we show that in patients a 
correlation exist between the development of a collateral circulation and CD44 
expression on isolated (and stimulated) monocytes. 

Current understanding of the complex process of arteriogenesis is that the initial step 
for the development of a collateral circulation is a change in flow pattern upon 
arterial obstruction. Due to the arterial obstruction, flow partially redistributes over 
pre-existent collateral arteriolar pathways. This increase in flow activates the 
endothelium of these collateral arterioles via shear stress that leads to upregulation 
of adhesion receptors like ICAM-1 on endothelial cells and the release of factors like 
MCP-1 and TGF-B. Thereupon, leukocytes adhere to the endothelium and migrate 
towards the perivascular space, creating an inflammatory environment that seems to 
be a prerequisite for collateral artery growth 26. 

CD44 exerts a myriad of functions that are also involved in collateral artery 
development. First of all, the adhesion molecule CD44 is a homing receptor for 
leukocytes. Indeed, in the present study we could show that the number of 
perivascular leukocytes, as detected by CD1 lb, decreased significantly in CD44'" 
mice. In previous studies we could show that the majority of perivascular leukocytes 
were monocytes/macrophages and most probably this was also true in the present 
study since granulocytes, the second set of leukocytes that express CD1 lb, are 
seldomly encountered in the context of arteriogenesis. Based on a similar 
argumention, CD1 lb is also a common antigen used for the detection of 
monocytes/macrophages in atherosclerotic plaques. Interestingly, deficient 
monocyte-trafficking in CD44"'" mice has also been implicated in the pathogenesis 
of atherosclerosis, leading to a strong inhibition of plaque formation in 
atherosclerosis prone Apolipoprotein E deficient mice crossbred with CD44""mice 
21'. We found such close association between monocyte trafficking during 
arteriogenesis and during atherogenesis also in ApoE -/- mice treated with MCP-1 28. 
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Figure I CD44 expression during 
arteriogenesis. a,b, Profound 
expression of CD44 is present in 
collateral arteries in different Stages of 
maturation c, In control arteries, 
harvested from the non-1/gated leg, 
CD44 expression is limited to the 
adventita. d,e, Capillary endothelium 
expresses ('1)44 both in normal 
himllimh musculature id) as well as in 
hindlimh musculature harvested from 
the ligatedlimb te), f Specificity of the 
CD44 antibody is illustrated by total 
absence of staining in collateral 
arteries of('1)44 mice. 
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Control CD 44 -/-

figure 2 a.h. Leukocytes accumulate m the perivascular space during arteriogenesis. < .</. 
Leukocyte trafficking during arteriogenesis is strongly hampered in ('1)44 mice. e. 
statistically significant reduction of perivasular leukocytes as a percentage of total cell 
population per field oj view 
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Figure 3 ci.b. Collateral arteries of 
different sizes strongly express FGF-2 
during arteriogenesis. Seven days after 
femoral artery ligation this expression 
is mainly limited to the vessel wall. c.h. 
FGF-2 expression is almost non-
deteetahle in collateral arteries derived 
from CD44' mice. e,f Media as w ell as 
endothelial cells strongly express 
PDGFduring arteriogenesis. g.h. 
PDGF is only minimally expressed in 
CD44' inn c 

• 
Figure 4 a-d. Collateral vessels 
were isolated with Laser 
microdissection and collected for 
RT-PCR analysis. Panel E shows the 
ratio ofmRNA content between 
collateral vessels derived from 
CD44 ' mice and control mice. e. 
RT-PCR analysis showed a trend 
towards increased in RNA levels in 
CD44 mice. These differences were 
however not significant.. 
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I . 
Figure 5 a, Flow restores quickly upon 
femoral artery ligation in control mice over a 
7-day period, In CD44~'~ mice the restoration 
of flow is strongly reduced as compared to 
control mice (control: 54.5% ± 14.9% vs. 
CD44: 24.1% ±9.2%, P<0.001). b. Wall 
thickness of collateral arteries is reduced in 
CD44 mice (control: 6.9 ± 2.5 pin vs. CD44' 

: 5.3 ±1.6 urn. P<0.001). c. The ratio of the 
total added vessel surface as a ratio of total 
tissue surface is also reduced in CD44" mice 
(control: 0.030 ± 0.016% vs. CD44'': 0.017 ± 
0.009%, P<0.05). 

Baseline Characteristics 
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Figure 6 a. Baseline characteristics of patients, b. A positive correlation is present between 
CFI and fluorescence intensity ofCD44 on CD 14 positive activated monocytes in patients with 
single-vessel coronary artery disease. 
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A role for CD44 specifically in monocyte trafficking was also shown by us in a 
mouse model o f M Tuberculosis infection 29. 
Mmonocytes/macrophages locally produce cytokines like Tumor Necrosis Factor a 
(TNFa) that are required for the perpetuation of a local inflammatory environment 
during the phase of arteriogenesis !7,22. Such an inflammatory environment is a 
prerequisite for the production of MMPs, that degrade perivascular tissue that 
would otherwise restrict the collateral artery in its outward growth ' . Moreover, it 
is thought that perivascular leukocytes, especially macrophages, produce growth 
factors like FGF-2 to induce smooth muscle cell mitosis ' ' . The latter function of 
monocytes/macrophages could not be confirmed in the present study for either FGF-
2, VEGF or PDGF. In our model all of these growth factors were expressed 
predominantly within the media by smooth muscle cells. This indicates the 
important role of smooth muscle cells in the synthesis of growth factors and 
constitutes a second arteriogenic pathway that was found to be defective in CD44 -/-
mice, namely a reduced vascular expression of pro-arteriogenic growth factors FGF-
2 and PDGF. FGF-2 induces the growth of collateral vessels via a direct mitogenic 
effect on both endothelial cells as well as smooth muscle cells ' " and also PDGF 
positively modulates collateral artery development ' . CD44 mediates the 
dedilferentiation of quiescent smooth muscle cells into a synthetic phenotype and 
indeed a strong decrease was found in vascular wall expression of both FGF-2 and 
PDGF and to a lesser extent of VEGF. This decrease was however not found on a 
mRNA level, indicating that most probably growth factor stabilization is disturbed 
in CD44 -/- mice due to a failing protection from proteolytic degradation. Indeed it 
has been shown that certain CD44 isoforms can bind growth factors and might 
protect them from lysis by extracellular proteinases ' . 

We supposed a third deficient arteriogenic pathway in CD44 -/- mice in the TGF-131 
cascade. We recently showed in a rabbit model of femoral artery ligation that during 
arteriogenesis an increase is observed in the active 55 kDa form of TGF-B1. 
Moreover, exogenous supply of TGF-8| leads to a 7-fold increase in collateral 
conductance one week after femoral artery ligation. TGF-B| exerts its arteriogenic 
effects via a monocytic pathway, increasing their migration rate and cytokine 
production. A recently published paper by Yu et al showed that CD44 facilitates the 
activation of TGF via membrane localization of MMP-9 by CD44 35. MMP-9 is also 
upregulated during collateral artery growth ' and this pathway of TGF-B1 
activation supposedly was disturbed in the present model of CD44 inhibition. 
Unfortunately, this remains hypothetical. At present no antibody is available for 
immunohistochemistry, directed specifically to activated TGF-B1. This implies that 
such a study would require the performance of Western blotting on collateral vessels 
which, due to insufficient amounts of tissue and extracted protein, was not feasible 
in the current setting of murine hindlimb arteriogenesis. 

Whether CD44 is expressed on non-activated endothelium is still controversially 
discussed. Some authors have reported CD44 to be a specific activation antigen on 
endothelial cells, almost completely absent on resting endothelial cells and strongly 
upregulated after endothelial activation. This is partially in contradiction with our 
findings. We found no detectable CD44 expression on endothelium of larger vessels 
under resting conditions. However, CD44 was abundantly present on capillaries in 
normal hindlimb musculature. A possible explanation for this phenomenon is the 
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putative activation of endothelium on the sham-operated side, either directly as a 
result of the sham procedure or due to an alteration in hemodynamics also in the 
non-ligated limb. However, the positive staining of capillary endothelium in 
hindlimb musculature harvested from mice that had not been operated upon, pointed 
in the direction of endogenous CD44 expression of microvascular endothelial cells 
in mice. This is apparently species-specific, since the above mentioned study used 
human endothelial cells. 

The exact role of CD44 during angiogenesis remains to be eluded. CD44 mediates 
the pro-angiogenic effects of especially low molecular weight hyaluronate and is 
involved in tumor angiogenesis " and in placental angiogenesis during the 
reproductive cycle 38. However, high molecular weight hyaluronan, that also signals 
via CD44, has well known anti-angiogenic properties. Moreover, it was shown 
recently that FGF-2 induced angiogenesis into subcutaneously implanted Matrigel 
pellets could be blocked by RHAMM, another receptor for hyaluronan, but was 
unaffected after blocking CD44. The role of CD44 in ischemia-induced angiogenesis 
is unknown. Our own data showed no difference in number of capillaries between 
CD44 -/- and their control littermates, although in both groups a slight increase in 
capillaries as compared to the non-ligated hindlimb was observed in distal 
musculature. This would indicate that CD44 deficiency does not affect angiogenesis 
or is compensated for. It should be noted however that our model focuses on 
arteriogenesis rather than angiogenesis. To finally address the issue of CD44 
involvement in ischemia induced angiogenesis. a model of more severe arterial 
obstruction, leading to profound tissue ischemia, needs to be implemented in the 
setting of CD44 inhibition. 

The patient data that are presented in this manuscript are derived from a small 
selected population of patients with single-vessel coronary artery disease. We aimed 
to determine the maximal CD44 expression of isolated monocytes in order to get an 
impression of the CD44 response of monocytes upon activation. Since LPS did not 
further increase CD44 expression we concluded that the Ficoll-isolation as well as 
the several staining steps already induced maximal CD44 expression on monocytes. 
This was for us important knowledge since we were not so much interested in the 
level of CD44 expression on circulating monocytes, which potentially is influenced 
by several confounding factors, but rather in the CD44 expression response by 
monocytes upon stress since we showed in our mouse model that this CD44 
response is also induced during collateral artery growth. We decided to only include 
single-vessel disease in order to guarantee complete patency of the feeding coronary 
artery. We are currently expanding the number of patients to further confirm these 
data and are also including patients with two- and three-vessel disease. Moreover, 
we are implementing flow data in order to calculate resistance of the collateral 
circulation which is a more reliable parameter. In conclusion, we show for the first 
time the important role of CD44 during arteriogenesis. CD44 is required for both 
leukocyte trafficking to the perivascular space of growing collateral arteries as well 
as for maintained expression of FGF-2 and PDGF. In patients with single-vessel 
coronary artery disease, a correlation exists between the degree of development of a 
collateral circulation and the maximal expression of CD44 by monocytes. 
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