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Abstract

Objective—Infrainguinal autogenous vein grafts are especially prone to narrowing and failure,
and both inflammatory and thrombotic pathways are implicated. Platelets and monocytes are the
key thrombo-inflammatory cells that arrive first at sites of vascular injury. These cells have potent
interactions that recruit and activate one another, propagating thrombotic and inflammatory
responses within the vessel wall. We therefore hypothesized that elevated levels of platelet-
monocyte aggregates might be associated with stenosis, and could possibly discriminate between
patients with or without vein graft stenosis.

Design of Study—Thirty-six vascular surgery patients were studied, in a stable quiescent period
after infrainguinal autogenous vein graft bypasses for occlusive disease. Eighteen patients had
hemodynamically significant graft stenoses confirmed by imaging, and 18 were free from stenosis.

The level of platelet-monocyte aggregates (PMA) in whole blood was quantified after blood draw
using 2-color flow cytometry. Three measurements were made per sample: the basal, in-vivo level
of aggregates (Baseline PMA); the predisposition to spontaneously generate PMA (Spontaneous
PMA); and PMA generation by the addition of exogenous thrombin receptor activating peptide
(Stimulated PMA). The baseline, in-vivo level of PMA was estimated by immediate flow analysis.
The predisposition to spontaneously generate PMA was measured after in-vitro incubation.
Responsiveness to thrombin stimulation of the blood was quantified by the in vitro dose response
to an exogenous thrombin receptor activating peptide (sfllrn).

Results—Baseline PMA levels were similar in patients with vein graft stenosis vs. non-stenosis
(14.8% +3.2 versus 10.1% +1.5 respectively, mean £sem). However, patients with stenosis
showed higher Spontaneous PMA levels (58.5% +4.5 vs. 28.3 % +4.3, P< .01), and higher
Stimulated PMA levels (P< .001, ANOVA). Covariables of smoking, diabetes, statin or
antithrombotic therapy could not account for these differences.

Conclusions—RPlatelet-monocyte reactivity may play a role in the development of vein graft
stenoses. Those with/without stenosis differed primarily in their threshold, or predisposition to
form aggregates (Spontaneous PMA), while their basal circulating levels of PMA (Baseline PMA)
were similar. These measurements may unmask pathologic differences in thrombo-inflammatory
responsiveness that are not apparent in basal measurements. Understanding the causes and
mechanisms leading to abnormal platelet-monocyte responses may improve approaches to
predicting or preventing vein graft stenosis.

Corresponding Author: Katherine Moreno MD, 1660 South Columbian Way -Bld 1, Rm 605, Seattle, WA 98108, phone: (206)
277-1188, fax: (206) 762-2529, morenok@u.washington.edu.
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[. Introduction

Vein graft stenosis and pathologic vascular wall thickening are critical problems in vascular
surgery, affecting 15-30% of infrainguinal grafts within the first year after surgery.1=> Graft
stenosis is a leading cause of reoperation, graft failure and limb loss,® 7 and yet the
contributory factors are poorly understood. Most authorities consider vein graft stenosis,
fibrosis, and anastomotic intimal hyperplastic lesions as a spectrum of related pathological
processes.8-10 Although there is significant variability among different patient’s clinical
responses to vascular injury, little is known about what accounts for these differences,
especially patients with peripheral arterial disease.

Research suggests that the processes of inflammation and thrombosis, with their extensive
biological crosstalk, underlie the pathological response to vascular injury. Blood platelets
and monocytes are among the first inflammatory cell types to arrive at sites of vascular
injury.11 12 Through cell-cell adhesion and co-stimulation they initiate both thrombotic and
inflammatory responses, propagating activation to the endothelium and vascular smooth
muscle cells. A broad range of basic and clinical studies have shown a close association
between platelet and monocyte activity, derangements of vascular healing, and
cardiovascular clinical outcomes.13: 14 |n particular, the measurement of circulating platelet-
monocyte aggregates (PMA) in the blood has become a powerful new tool to assess this
systemic thrombotic and inflammatory state.15: 16 Elevated platelet-monocyte aggregates
have been closely associated with myocardial infarction, unstable coronary syndrome,
percutaneous coronary intervention, restenosis, and smoking.1>-24 Recently Burdess et al.
has shown that platelet-monocyte aggregates are elevated in subjects with peripheral arterial
disease and critical limb ischemia.2>

We hypothesized that differences in platelet-monocyte activation, as measured by the
formation of PMA, might account in part for the differences in biological healing of
autogenous vein grafts. We also wished to learn exactly what kinds of measurements of
platelet-monocyte aggregate formation might better discriminate between patients with
different thrombotic/inflammatory phenotypes, and clinical outcomes. Therefore, we
conducted this pilot study to elucidate the feasibility and utility of measuring PMA
formation in patients with peripheral arterial disease with vein grafts, and to determine if
assessments of platelet monocyte interaction might be associated with vein graft stenosis.

[l. Materials and Methods

Measurement of platelet-monocyte aggregates in whole blood

For all assays, blood was collected into vacutainer tubes containing 3.2% sodium citrate (BD
Biosciences) by clean, flawless venipuncture using a modification of the two-syringe
technique and a void volume of at least 3 ml. From the single venous blood sample, one
aliquot was immediately treated with EDTA (5 mM). This halts further aggregation ex vivo
immediately after it is drawn. We call this the “Baseline PMA” because it is before we
subject the blood to various conditions of incubation. A second aliquot was incubated with
phosphate buffered saline (PBS). During this incubation, platelets and monocytes continue
to aggregate together spontaneously. We call this the “Spontaneous PMA” level. A final
series of aliquots was exposed to increasing concentrations of thrombin receptor activating
peptide (TRAP, peptide SFLLRN, 1-5 pMolar). This stimulates the platelets and monocytes
to aggregate and reflects thrombin sensitivity. We call the TRAP stimulated incubation the
“Stimulated PMA” level.

Samples were incubated 15 minutes with mouse anti-human CD-41 conjugated PE antibody
(platelet label), and mouse anti-human CD 14 conjugated FITC antibody (monocyte

J Vasc Surg. Author manuscript; available in PMC 2013 January 08.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Moreno et al.

Page 3

labeled): both antibodies were obtained from Dako Cytomation. Controls used to determine
background fluorescence were non-specific antibodies matched for isotype, fluorophore,
concentration, and F:P ratio (BD BioSciences). The cells were then fixed with formalin
(1.3X Hanks/0.5% formaldehyde, final concentration) for 10 minutes and then lyzed with 6
volumes of water. All incubation steps were performed at room temperature in the dark.
Samples were kept at 4°C until analyzed.

Flow cytometric quantification of platelet-monocyte heterotypic aggregates was performed
on a Becton-Dickinson FACSCalibur, using the standard methods of Michelson et al.16: 27
Samples were run on a low flow setting, collecting light-scatter data in linear mode, with the
threshold set on forward light scatter. A minimum of 1,000 CD14-positive monocytes are
quantified. Within the dot plot of side scatter vs. log FITC-CD14, the monocyte region of
interest is chosen, from which histograms of cell count vs. log (phycoerythrin-CD41
fluorescence) are developed. The positive marker is set just above the isotype-negative
histogram, to include less than 1% of the total fluorescence. The parameter of interest is then
measured as the percentage of monocytes positive for phycoerythrin staining platelets (%
PMA).

As reported by Michelson and others, we found in control experiments that after cell
fixation, sample results are stable and reproducible for at least 24 hours of refrigeration. We
also compared the natural agonist, human alpha-thrombin, to the thrombin receptor
activating peptide (TRAP), using established methods.2” TRAP was used as the thrombin
agonist, because comparable results were obtained with both agonists. During the
development of our methods, we also measured the formation of platelet-polymorphonuclear
cell aggregates, and found that those levels closely paralleled those of PMA. We chose to
focus on the monocyte, because of its unique inflammatory potential, and its proven role in
impaired vascular healing.

Patient Selection Criteria

The population under study included those patients with established infrainguinal vein grafts
undergoing routine postoperative follow up at the VA Puget Sound Health Care System and
the University of Washington Medical Center. This included patients undergoing elective
infrainguinal peripheral bypass grafting (redo and primary bypasses) with autogenous vein
graft. Indications for surgery included claudication, rest pain, and tissue loss without active
infection. Those with indication for tissue loss had healed wounds at the time of blood draw.
The subjects were recruited at their follow up duplex visits. All vein graft patients undergo
regular duplex ultrasound surveillance at 3, 6, 12, and 18 months and then yearly. Because
this was a pilot study, eligible subjects were recruited as they arose, over a two-year period,
and those without stenosis were not matched for co-morbid conditions.

Inclusion criteria were: 1) a patent, autogenous vein infrainguinal bypass graft performed for
atherosclerotic occlusive vascular disease. Patency was determined post-operatively in the
operating room by either ultrasound duplex or angiography; 2) either the presence or
absence of a vein graft stenosis. All subjects had single segment autogenous vein conduits.
Stenotic patients were included if they had a hemodynamically significant stenosis (greater
than 75% or velocity ratio greater than 3.5)%8 as detected by duplex ultrasound and
confirmed with complementary vascular imaging when equivocal. Subjects with complete
occlusion were excluded from the study.

Non-stenotic patients were included if they had consistently normal duplex graft
surveillance studies throughout their follow up. Exclusion criteria eliminated patients with
known hypercoagulable states, or intercurrent thrombaotic or inflammatory conditions that
might affect a patient’s usual, chronic state of platelet and monocyte reactivity, namely:
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recent surgery or arteriography; active infection; or other transient medical condition that
might influence the measurements (e.g. myocardial infarction, stroke). Patients with
immediate occlusion or occlusion before 6 months post operatively were excluded.

Normal healthy individuals who were free of platelet-active or anti-inflammatory drugs were
also recruited for study as normal controls. These normal healthy subjects were used as our
control group to the subjects with peripheral vascular disease. All subjects were recruited
and studied in an outpatient setting, after informed consent. The study and its protocols were
approved by the Institutional Review Board of the University of Washington and the VA
Puget Sound Health Care System, and all subjects gave informed consent.

Data Analysis

[1l. Results

The significance of between-group differences in continuous variables (e.g. platelet
monocyte aggregate levels) was determined by t-test or analysis of variance, using
SigmaStat software. The proportions of dichotomous variables were tested by chi-square
analysis or Fisher’s Exact test. Means with standard error of the mean are presented, and
two-tailed P values < .05 were considered significant.

Patient Characteristics

A total of 36 patients were studied. All of the 18 with stenosis had either a hemodynamically
critical single graft stenosis awaiting surgical correction, or had a history of previous
surgically corrected graft stenosis plus a new, uncorrected stenosis. Eighteen patients were
studied who never had any stenosis of their vein grafts, which were widely patent
throughout their surveillance follow-up. All patients were recruited at least 6 months from
their primary surgery, and at least 3 months from any surgical procedures. Eighteen of the
36 patients studied underwent duplicate sampling at different times, and the values
averaged. The clinical characteristics of the 36 patients are listed in Table 1. All patients
were of the Caucasian race. Thirty-four healthy volunteer subjects were also studied, of
whom 10 were female, and all Caucasian. These individuals were studied as a healthy
control group to establish normal benchmarks, and were not intended to be a matched
clinical cohort for the vein graft patients. Repeated measurements taken from the same
subject on different weeks showed consistent, reproducible results. The coefficient of
repeatability (Bland Altman) for this was 10%.

Platelet-Monocyte Aggregates in Healthy Volunteer Subjects compared to Vein Graft

Patients

Association

Three basic measures of platelet-monocyte reactivity were performed: 1) baseline PMA
obtained by the immediate suppression of further aggregate formation by incubation with
5mM EDTA,; 2) spontaneous PMA by incubation with PBS; and 3) stimulated PMA by
incubating with increasing concentrations of TRAP. Figure 1 compares the healthy, normal
subjects to the group of all vein graft patients. Baseline values of PMA were not
significantly different between the PAD patients and healthy normals (12.5% +1.8 vs 10.9%
+1.2, respectively). As anticipated, the patients with peripheral arterial disease had
significantly higher spontaneous (43.4% *4.3 vs. 31.8% +4.1, P< .04), and stimulated
formation of platelet monocyte aggregates compared with the healthy normals (P< .001,
two-way analysis of variance).

Between Platelet-Monocyte Aggregates and Graft Stenosis

Comparing the patients with stenosis to those without stenosis (figure 2), the baseline PMA
values were also not significantly different (14.8% +3.2 versus 10.1% + 1.5, respectively).
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However, the spontaneous generation of PMA in the stenosis patients was significantly
higher than in those without stenosis (58.5% *4.5 versus 28.3% *4.3, P < .016). Likewise,
the differences in their responses to the thrombin agonist (stimulated) were highly
significant (P < .001, two-way analysis of variance). Figure 2 illustrates the composite data
from these three measures.

These results indicate that patients with clinically severe vein graft stenosis had significantly
higher spontaneous and stimulated formation of platelet-monocyte aggregates. We found
that measurements of the spontaneous generation of PMA discriminated better than the
baseline levels did. It distinguished normals from vein graft patients, and those with stenosis
from those without stenosis. Likewise, the level of thrombin-stimulated PMA generated in
whole blood was a more effective discriminator than baseline values.

Influence of Other Clinical Factors on Platelet-Monocyte Aggregates and Graft Stenosis

Although the clinical, systemic risk factors for vein graft stenosis are not known, potentially
confounding factors could include conditions such as diabetes and smoking, which have
been associated with increased PMA. Table | summarizes the clinical factors of the 36
patients. The clinical factors listed in Table | were evenly distributed between the two
groups, except for aspirin therapy (P< .03). Although, three of the patients included were on
both aspirin and warfarin therapy and all patients that were not on aspirin in both groups
were on either warfarin, clopidogrel or both.

The average spontaneous PMA values were not significantly different among those patients
with/without diabetes, an active smoking habit, and those on antiplatelet versus warfarin
therapy (table 2). A multivariate analysis on PBS values, looking at covariables such as
aspirin therapy, diabetes, and smoking were not significant and had no interactions with the
factor of stenosis. Statin therapy bore no relation to PMA values (data not shown), although
only 8 patients were not taking a statin. This does not rule out the possibility that any of
them could be a confounding factor.

Many patients were receiving diverse combinations of antiplatelet and anticoagulant drugs,
so the numbers were too small to conduct a multivariate analysis of the effects of all the
different combinations of antithrombotic drugs. However, we did compare the PMA values
from those patients who were exclusively treated with a single antithrombotic drug (Figure
3). The only significant differences in baseline, spontaneous, and stimulated PMA levels
were between the spontaneous PMA levels between the aspirin only group and the warfarin
only group (P<.02).

Discussion

There were several purposes to this pilot study. First, we wished to test the association
between platelet-monocyte aggregates and the presence of pathological vein graft stenosis.
Second, we wished to determine which types of measurements of platelet-monocyte
interactions might best discriminate among patients with different patterns of vascular
healing (i.e. stenosis). Burdess et al. measured PMA in a variety of patients with peripheral
arterial disease.2> Using their slightly different method of blood collection and processing,
they reported PMA levels of ~ 30-40%, which is quite close to the value of ~40%
spontaneous PMA that we measured in our overall group of patients with peripheral arterial
disease.

This was not a prospective study in which medications or other clinical factors might be
controlled or randomized, and as such it has several limitations. Although the consistency
and accuracy of our techniques for measuring PMA were sufficient to discriminate between
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those with/without stenosis, we were not able to quantitatively assess the individual
contributions of other clinical factors, perhaps because of the limited number of subjects.

Platelets and monocytes are at the root of the primordial cellular responses that lead to both
thrombosis and inflammation at sites of vascular injury.18: 29-32 |t has been well-established
that patients with peripheral arterial disease suffer from increased platelet reactivity and
aggregability.33 Michelson and others have persuasively argued that platelet-monocyte
aggregates are one of the most sensitive measures of platelet activation.16 However, there is
also extensive evidence that both cell types are intimately involved in the pathological
vascular inflammation that is found in atherosclerosis as well as restenosis.3*

Crosstalk between activated platelets and monocytes operates through at least four major
pathways: the P-selectin/PSGL-1 receptor/counter-receptor system found on platelets and
monocytes respectively;30 the CD40/CD40L axis; 3> 38 monocyte integrin Mac-1 (M2,
cd11b/cd18) binding to the platelet von Willebrand receptor, Gplb,37-39 and finally, platelet
integrin allbf3 and the monocyte integrin aMp2 can share the same ligand, fibrinogen. It is
reasonable to speculate that platelets and monocytes, working through their extensive co-
stimulatory pathways, may contribute significantly to the deranged vascular remodeling that
causes vein graft stenosis.

A larger scale, prospective clinical study will be needed to resolve whether the observed
increases in PMA formation are the cause of stenosis or the result of turbulence caused by
the stenosis. Anecdotally, we have not observed a significant drop in PMA levels after the
repair of stenoses in several patients. To address this question of which comes first, we are
now measuring PMA before and after bypass surgery, and prospectively monitoring the
development of vein graft stenosis. A larger scale study should also provide sufficient data
to help elucidate the fundamental mechanisms underlying the elevated platelet and
monocyte reactivity in certain patients with peripheral arterial disease.

Other local factors such as graft diameter and quality, velocity and turbulence of flow,
compliance mismatch, and technical factors are believed to contribute to premature graft
failure in some cases. Studies employing broader definitions of “graft failure” have also
demonstrated associations with a patient’s inflammatory state.38: 39 Stent restenosis has also
been correlated with inflammatory markers in peripheral arterial stenting and in the coronary
circulation 22 41-44

Regarding the methodology for measuring platelet-monocyte aggregates, we found that
provocative measurements of PMA could more robustly differentiate between relatively
small groups of patients with/without stenosis. Looking to the future of biomarkers to
predict vein graft stenosis, we imagine that stimulatory tests, which measure a patient’s
biological tendencies, may be more useful than baseline measurements.
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Five patients were taking both an antiplatelet drug and warfarin. All of these clinical characteristics were
evenly distributed (Chi-square or Fisher’s Exact test) between both groups, except aspirin rx (P<.03). A
multivariate analysis of PBS values, looking at covariables of aspirin therapy, diabetes, and smoking were not

Table 1
Frequency and Distribution of Clinical Characteristicsin the Subject Population

significant, and had no interactions with the factor of stenosis.

Clinical Characteristic

Stenosisn=18

No Stenosisn=18

All Patients n=36

Mean Age (range) 65.5 (41-84) 68.7 (55-90) 67.1 (41-90)
Female Gender 6 (33%) 3 (17%) 9 (25%)
Diabetic 7 (39%) 6 (33%) 13 (36%)
Statin Rx 13 (72%) 15 (83%) 28 (78%)
Warfarin Rx 9 (50%) 3(17%) 12 (33%)
Aspirin Rx 9 (50%) 16 (89%) 25 (69%)
Clopidogrel Rx 3(17%) 1(6%) 4 (11%)
Active Smoker 9 (50%) 10 (56%) 19 (53%)

Rx denotes “therapy”, and percentages are rounded.
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Values of Spontaneous Platelet-M onocyte Aggregatesin Patientswith Different Clinical

Characteristics

The average measurements of spontaneous PMA (£ sem) are shown for patients with or without the listed
clinical factors. Antiplatelet Rx includes all patients exclusively taking aspirin and/or clopidogrel, but not
warfarin. Warfarin Rx includes only those on warfarin.

Clinical Factor Present (n) Absent (n) P value
Graft Stenosis | 58.5% + 5.7 (18) | 28.3% + 4.3 (18) <.001
Diabetes 58.7% + 8.3 (13) | 42.8% + 5.1 (23) NS
Antiplatelet Rx | 37.4% + 5.6 (24) NS vs. warfarin
Warfarin Rx 63.9% + 9.1 (7)

Smoking 44.9% +6.3 (19) | 41.5% +5.9 (17) NS
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