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Abstract

C-reactive Protein (CRP) as an indicator of cardiovascular disease (CVD) has shown limited
sensitivity. We demonstrate that two isoforms of CRP (pentameric, pCRP and monomeric, mCRP)
present in soluble form or on microparticles (MPs) have different biological effects and are not all
measured by clinical CRP assays. The hsCRP assay did not measure pCRP or mCRP on MPs,
whereas flow cytometry did. MPs derived from endothelial cells, particularly those bearing mCRP,
were elevated in PAD patients compared to controls. The numbers of mCRP* endothelial MPs did
not correlate with hsCRP measurements of soluble pCRP, indicating their independent modulation.
In controls, statins lowered mCRP™ endothelial MPs. In a model of vascular inflammation, mCRP
induced endothelial shedding of MPs and was proinflammatory, while pCRP was anti-
inflammatory. mCRP on endothelial MPs may be both an unmeasured indicator of, and an
amplifier of, vascular disease, and its detection might improve risk sensitivity.
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Introduction

C-reactive protein (CRP) is a prototypical acute phase reactant that plays an important role
in innate immune defense and inflammation [1]. Although it was described historically as a
single molecular entity, CRP exists in multiple forms. The soluble pentamer (pCRP) can be
dissociated into monomers (MCRP) after binding to activated platelets, apoptotic/necrotic
cells, or microparticles (MP) [2,3]. The existence of three forms, soluble pCRP, membrane-
bound pCRP, and membrane-bound mCRP, may have contributed to the contradictory results
showing that “CRP” has both pro- and anti-inflammatory activity and can either protect
against or promote CVD in transgenic mouse models of atherosclerosis [4-7].

MPs are small, membrane-derived anucleoid vesicles that contain cytoplasmic material and
cell surface proteins that are shed by parental cells in response to activation, stress or
apoptosis [8]. MPs play a physiological role in processes such as thrombosis and
coagulation [9] but also have been associated with vascular dysfunction and diseases such as
atherosclerosis [10]. pCRP has been reported to exhibit anti-inflammatory properties [11-
13] but may also serve as a precursor of mMCRP that binds to lipid rafts to exert local
proinflammatory responses in endothelial cells and neutrophils [14-16] and promote
monocyte activation [2]. Free mCRP has not been detected in the circulation (likely because
of its relative aqueous insolubility), but mCRP has been found in atherosclerosis plaques [2],
within infarctions [17], and detected bound to MPs in the circulation of patients following
myocardial infarction (MI) [3]. mCRP presence on MPs has been reported to be due to
dissociation of pCRP in the lipid environment of the membrane, specifically that the altered
lysophospholipids therein overcome electrostatic forces holding together the monomeric
units so that they dissociate [18]. Similar to apoptotic and activated cells, MPs contain
phospholipids on their surface not typically exposed in the outer leaflet of cell membranes,
including lysophosphatidylcholine (LPC). The membrane-bound pCRP to mCRP conversion
process has been found to be dependent on LPC, and MPs capable of mCRP conversion
have elevated levels of LPC [2,3]. LPC generation is dependent on phospholipase A2
(PLA2) and blocking PLAZ2 in vivo inhibits localized mCRP formation in inflamed tissue
[19]. Taken together, this suggests a mechanism by which MPs expressing LPC can convert
pCRP to mCRP.

The experiments described in this paper investigated the hypothesis that mCRP is a relevant
marker for chronic inflammatory diseases and could play a role in their pathophysiology. We
tested our hypothesis by evaluating the different forms of CRP in patients that have
peripheral (lower extremity) arterial disease (PAD), a malignant form of atherosclerosis with
high morbidity and mortality [20]. We determined that an image-based cytometric method
was effective in measuring the circulating mCRP and pCRP forms that were bound to
microparticles of various origins, in addition to the soluble pCRP that was measurable by
hsCRP. Our subsequent study demonstrated a significant increase in endothelial MPs bearing
mMCRP in PAD patients. To investigate possible mechanisms of this specificity in relation to
a proinflammatory state, we used a model of transendothelial migration of mononuclear
cells developed in our laboratory and investigated subsequent T cell and macrophage
polarization in transmigrated cells. The study confirmed roles for both pCRP and mCRP in
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the modulation of T lymphocytes and monocyte responses. mCRP induced Th1/M1
activation and pCRP induced Th2/M2 responses.

For the first time, these studies show 1) the hsCRP assay does not measure pCRP or mCRP
on MPs, 2) there are increased numbers of MPs of endothelial origin in PAD, 3) there are
increased numbers of endothelial MPs bearing mCRP in PAD, 4) mCRP is pro-
inflammatory and pCRP is anti-inflammatory in a model of leukocyte transendothelial
migration and maturation, and 5) mCRP may institute a proinflammatory amplification loop
via its induction of endothelial MP generation.

Methods

Plasma collection, MP and CRP depletion of plasma, and MP isolation

Sodium-citrated blood was collected with written informed consent from asymptomatic
volunteers or PAD patients. Procedures for storage and manipulation as well as the criteria
for donor selection are detailed in the supplementary material.

Preparation of mCRP

mMCRP was prepared as described previously [21] using urea-EDTA denaturation as detailed
in the supplementary material.

CRP Antibodies specific to isoform

Antibodies specific to pCRP (mlgG2a, clone 1D6) and mCRP (mlgG1, clones 8C10 and
3H12) were a kind gift from Dr. Larry Potempa (Roosevelt University, IL, USA)[22]. Clones
8C10 and 1D6 were purified using the Mouse TCS Purification System (Abcam, Cambridge,
MA\) and directly conjugated with a Lightning-link Rapid Dylight 488 kit (Novus
Biologicals, Littleton, CO).

ELISA

ELISA was performed as described previously [23] using phosphocholine conjugated to
Keyhole Limpet Hemocyanin as the capture particle for pPCRP and detailed in the
supplementary material.

hsCRP assay

Quantitative measurements of CRP by immunoturbidimetry were performed using an
AU480 Chemistry Analyzer (Beckman Coulter, Brea CA) with CRP Ultra Wide Range
Reagent (Sekisui Diagnostics, Lexington, MA) as detailed in the supplementary material.

Western Blots

MPs were purified from 50 ml of blood as detailed in the supplementary material. The MPs
and 100 ng/ml pCRP control (R&D Systems) were mixed with native (nonreducing) sample
buffer with 0.1% SDS as described previously [24], except here reduced levels of SDS were
only added to the sample buffer and not the running buffer. Further details are in the
supplementary material.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crawford et al. Page 4

Flow cytometry

Directly conjugated lactadherin (Haematologic Tech Inc., Essex Junction, VT) was prepared
using a Lightning-link PE labeling kit (Novus Biologicals). Cell marker antibodies are listed
in the supplementary material.

For image based cytometry, we employed an ImagestreamX MklIl (Amnis, Seattle, WA)
which has previously been used to analyze MPs [25]. To measure MPs, we gated for small
particles in the size range of 0.1-1 um that also stained positive for lactadherin, which binds
to the obligatorily-exposed phosphatidylserine on MPs. Details and the advantages for using
imaging cytometry to measure MPs are in the supplementary material along with the gating
strategy as shown in Fig. S1.

Lipid Profile
Lipid profile analysis for plasma was carried out on a Beckman Coulter AU480 automated
chemistry analyzer utilizing appropriate standards and calibrators as per the manufacturer’s
protocol and detailed in the supplementary material.

Transendothelial migration (TEM)

Blood mononuclear cells (MNLs) were fractioned from the blood by density centrifugation.
As detailed previously [26] and in the supplementary material, human cardiac microvascular
endothelial cells (HCMEC) were seeded onto inserts. MNLs were applied to the top and
allowed to migrate through the HCMECs in response to MCP-1.

Immunofluorescence
Cells that transmigrated in the TEM assay onto poly D-lysine coated coverslips (NeuVitro,
Vancouver, WA) were stained and imaged as described previously [26] using anti-CD86
(clone 1T2.2, Biolegend), CD206 (clone EPR6828(B), Abcam), or appropriate isotype
controls.

Protein arrays

TEM assays were performed as above for 96 hours, the transmigrated cells were expanded,
and protein extracted as described previously [26]. Protein was loaded and analyzed on a
standard human cytokine array membrane (ARY005, R&D Systems) as per the
manufacturer’s protocol.

Statistical Analysis

Results are presented as mean + SE. Since data were not always normally distributed, the
nonparametric Mann-Whitney U-test was used for comparison of two data sets, whereas the
Kruskal-Wallis test with Dunn’s multiple comparison posttest was used for more than two.
A p value <0.05 was considered statistically significant.

Results

The relationship between circulating CRP in its soluble or MP-bound forms and
atherosclerosis is unclear. MCRP is associated with MPs after acute cardiac injury, and is the
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only form detectable within atherosclerotic plaques [2], but soluble pCRP is the only
isoform routinely measured clinically. We therefore studied mCRP and pCRP, soluble and
on MPs, in PAD, a chronic disease with extensive atherosclerosis.

The hsCRP Assay Tested on Solubilized mCRP or Microparticle-bound CRP

The hsCRP assay is currently used to gauge systemic inflammation and for cardiac risk
assessment [27]. We asked which of the CRP species the assay would measure (soluble
pCRP, solubilized mCRP, and pCRP or mCRP bound to MPs). Plasma gave a measurable
value in the hsCRP assay (Fig. 1a), and that value decreased when CRP was depleted by
passage of the plasma through phosphocholine-bound beads (phosphocholine is a ligand for
CRP). Because the hsCRP assay is standardized for the use of plasma, we then used the
CRP-depleted plasma to add back the two CRP forms. Soluble pCRP was measurable by the
hsCRP assay in the depleted plasma (Fig. 1a). mCRP was prepared in a solubilized form and
was also added to CRP-depleted plasma. Although the mCRP was detectable via our own
ELISA, indicating that it was intact antigenically (Fig. S2 in the supplementary material),
the Sekisui automated hsCRP assay failed to measure it (Fig. 1a). In another commercial
assay, an ELISA (R&D Systems), the measurement of 2 pg/ml mCRP gave an optical
density reading below that of the standards (range 0.78-500 ng/ml). In this assay, 1 pg/ml of
pCRP added to the pCRP-depleted AB serum was measured as 0.825 + 0.17 ug/ml.
Therefore, this assay also failed to measure mCRP.

We then tested MPs in the hsCRP assay. When MPs were depleted from plasma, there was
no change in hsCRP measurements, and purified MPs from plasma had undetectable levels
of CRP by that assay (Fig. 1b). To verify further that CRP bound to MPs was not detectable,
we isolated MPs from plasma and loaded additional pPCRP or mCRP to the MPs (Fig. S3 in
the supplementary material). The hsCRP assay did not detect the CRP-loaded MPs,
indicating that the assay failed to measure either pPCRP or mCRP when bound to MPs (Fig.
S3). The data indicate that the hsCRP assay is specific for soluble pCRP and is unable to
detect other species of CRP.

Detection of Microparticles bearing CRP in the Plasma of PAD Patients Using Imaging Flow

Cytometry

With the recognition of the limitations of the hsCRP assay, the detection of mMCRP-bound
MPs via immunoblot in the plasma of controls and the finding that MPs from adult human
primary endothelial cells could convert pCRP to mCRP (Fig. S4 in supplementary material),
we used image based flow cytometry to measure MPs bound with pCRP or mCRP in PAD
patients versus asymptomatic controls with no prior history of cardiovascular disease
(subjects characterized in Table 1). There was no significant difference in the total number
of MPs found in controls compared to PAD patients (0.5-5 x 108 particles/ml, Table 2) or in
the number of MPs bearing mCRP or pCRP in PAD patients compared to controls (Table 2),
These data contrasted with the CRP levels measured by hsCRP, which were elevated in
patients versus controls (Table 1), although there was a high degree of variability in the
patient group.
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PAD Patients Have Elevated Plasma Levels of Endothelial Microparticles Bearing mCRP
Compared to Controls

To investigate the possibility that the levels of a subpopulation of MPs might be altered in
PAD patients, we examined the origin of the MPs using cellular markers for endothelial cells
(CD144), platelets (CD41a), monocytes (CD14), neutrophils (CD66b), B cells (CD19), and
T cells (CD3) in addition to the detection of lactadherin and CRP isoforms within our
predetermined size range. A significant increase in endothelial-derived MPs (CD144%) was
observed for PAD patients compared to controls (Fig. 2a and Table 2). Further, PAD patients
had an elevated number of endothelial, mMCRP-bearing MPs compared to controls (Fig. 2b),
but not pCRP-bearing MPs (Fig. 2¢). Although hsCRP measurements were increased in
patients compared to controls (Table 1), there was no correlation between CRP levels
measured by hsCRP and the number of endothelial MPs bearing mCRP in patients (Fig. 3).

MCRP-bearing MPs From Non-endothelial Origins in PAD Patients and Controls

We did not observe any significant difference in the number of platelet-derived MPs
compared to controls, even when delineated by CRP isoform, although an increase was
observed in the patients (Table 2). T cell or neutrophil-derived MPs were rarely detected and
so are not included in the data. Although differences in monocyte and B cell derived MPs
were observed, there were no significant differences between patients and controls (Table 2).

MCRP Levels Related to Statin Treatment

Almost all PAD patients are on statins, and so could not be evaluated in separate groups for
any effects of statins. However, we found that our controls fell into two groups, those on
statins, and those not. Because statins are known to decrease endothelial MPs [28], we
evaluated the number of MPs bearing CRP isoforms in the controls based on statin
treatment. The controls on statins had significantly reduced levels of endothelial mMCRP*
MPs compared to controls without statins (Fig. 4a). By contrast, there was no statistically
significant difference for MPs bearing pCRP (data not shown). It should be noted that the
levels of endothelial mMCRP* MPs shown in Fig. 4a were significantly lower than those in
PAD patients (17.8 + 4.5 x 10°, Table 2) but are shown using a scale to best discriminate the
data from the two groups of controls. We then performed direct measurements of LDL-c and
triglycerides on the same control samples. We found that increased numbers of mCRP*
endothelial MPs were seen in those controls with increased low density lipoprotein
cholesterol (LDL-c) (R=0.85, Fig. 4b). However, there was no correlation for endothelial
MPs bearing pCRP (Fig. 4c) or mCRP (Fig. 4d) and the levels of triglycerides.

Transendothelial Migration Assay

We then ascertained if the mCRP or pCRP had any biological activity and if endothelial MPs
could be involved. We examined the effects of soluble CRP isoforms in a model system of T
cell/macrophage transendothelial migration (TEM) and polarization that mimics vascular
inflammation. Monocytes and T cells transmigrate across an insert lined with human cardiac
microvascular endothelial cells in response to monocyte chemoattractant protein-1 (MCP-1)
and then differentiate into M1 and M2 macrophages, accompanied by a similar T cell
polarization into Th1 and Th2 cells [26].
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Soluble pCRP reduced the number of M1 (CD86™) macrophages significantly below
background numbers, consistent with an anti-inflammatory effect, whereas solubilized
mMCRP treatment caused a significant increase in the number of M1s (Fig. 5a). Conversely,
the number of M2 (CD206*) anti-inflammatory macrophages was increased by pCRP and
decreased by mCRP. Furthermore, the relevant data from a protein array was that pCRP
treatment promoted a Th2 response indicated by the production of interleukin-13 (IL-13),
while mCRP treatment induced the production of interferon-y (IFN-y) representing a pro-
inflammatory Th1 response (Fig. 5b).

We used urea solubilized mCRP for the TEM experiments described above, and then tested
the hypothesis that, because of its hydrophobicity, mCRP would bind to MPs from the
microvascular endothelial cells used in the TEM assay. We found that added mCRP bound to
MPs from those endothelial cells, whether they were grown in isolation or in the presence of
MNLs (Fig. 5¢). Therefore, the effects of added solubilized mCRP may have been mediated
by mCRP bound to MPs produced during the TEM assay.

We then asked what the stimulus might be for production of MPs by endothelial cells in the
TEM assay. We tested several possibilities, including the MCP-1 stimulus always present
during the TEM, mCRP, and TNF as a possible positive control. TNF induces MP
production in human umbilical vein endothelial cultures [29], and CRP has been reported to
induce MP shedding by aortic endothelial cells [30], but neither has been tested in
microvascular endothelium. Treatment with mCRP almost doubled the number of MPs
produced from microvascular endothelial cells, while MCP-1 alone had no effect, and TNF
was as active as mCRP (Fig. 5d). This indicates that mCRP can both induce and bind to MPs
generated from cardiac microvascular endothelium.

Discussion

CRP has been proposed as a biomarker for risk of atherosclerotic diseases and other
inflammatory states for several decades. Even using the most sensitive clinical assay
available (hsCRP), reports of risk association have been mixed [27]. One of the reasons we
and others suggest for these contradictory results is that they may be due to the measurement
of only one isoform, pCRP, in its soluble form, by the hsCRP assay. We demonstrated that
two forms of CRP, the pentamer and the monomer, circulate in the blood on microparticles,
and that these are not measurable by two CRP assays. This indicates that a compartment of
circulating CRP is currently invisible to clinical analysis. We therefore evaluated the two
isoforms of CRP on microparticles in plasma samples by flow cytometry. For identification
of MPs, we used lactadherin, which has the benefit of binding in a calcium independent and
more sensitive manner than the commonly used annexin V [31]. Additionally, most of the
PAD patients were treated with statins, which are known to decrease the expression of tissue
factor, another marker for MPs, while not affecting phosphatidylserine exposure, to which
lactadherin binds [32]. We thus maximized our likelihood of detecting as many MPs as
possible.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crawford et al.

Page 8

CRP and MPs in PAD

PAD reflects endothelial dysfunction, so it is unsurprising that elevated levels of endothelial
MPs were detected in PAD patients. However, this is the first time that an association has
been found between mCRP and endothelial MPs in PAD patients. Specifically, an elevated
number of endothelial MPs bearing mCRP was found in PAD patients compared to controls.
Intriguingly, there was no correlation with hsCRP levels in PAD patients with elevated
endothelial MPs or endothelial MPs bearing mCRP. The hsCRP assay fails to identify these
forms of CRP and would therefore miss any possible consequences of the data observed
here. The higher number of endothelial MPs with mCRP may indicate a more efficient
conversion of pCRP to mCRP on patient MPs, similar to what has been found with MPs
from activated platelets, due to increased amounts of lysophospholipids [3]. That the
biological activity of mCRP is highly relevant to the PAD disease process may indicate that
a subset of patients with poorly controlled disease have activated endothelial cells that
produce high numbers of MPs and that those MPs tend to convert their burden of pCRP to
mCRP with greater likelihood. Further, the proinflammatory activity of mCRP and its ability
to promote endothelial shedding may be bases for amplification of inflammation and
progression of the disease.

CRP Isoforms and Chronic Inflammation

mCRP* endothelial MPs could be not only a marker for PAD, but also could be a means for
MCRP to exert pro-inflammatory signaling throughout the body. MPs are able to convert the
anti-inflammatory pCRP to the proinflammatory mCRP and thereby act as carriers for the
CRP isoforms [3]. The MPs can mediate signaling of cells through ligand engagement
(primarily FcyRI and Il for pCRP [33] and FcyRIII and lipid rafts for mCRP [14]) or
through transferring their components through cell membrane fusion or phagocytosis [8].
Thus, mCRP, a hydrophobic isoform not soluble in plasma, can be transported to cells where
it will integrate into the lipid raft domain through a putative cholesterol binding domain that
is hidden in the pentameric isoform [34]. mCRP can then induce pro-inflammatory effects
on cells such as monocytes and endothelial cells, including the production of more MPs.
More specifically, mCRP has been shown to bind predominantly to the apical surface of
endothelial cells that are enriched in lipid raft domains, promoting the release of
proinflammatory cytokines, the generation of reactive oxygen species, and adhesion
molecule expression [34,35].

M1 proinflammatory and M2 anti-inflammatory macrophages [36] and activated T cells [37]
are found in atherosclerotic plagues, but the mechanism by which macrophage polarization
is controlled beyond the reported role of phagocytosis of lipid components is not well
understood. In this work, we studied the role of pCRP versus mCRP in T cell and
macrophage polarization after TEM through microvascular endothelium. While this in vitro
model may not replicate the chronic inflammation associated with atherosclerosis, it does
provide certain insights with regard to the potential mechanism by which CRP isoforms
modulate that response. Our studies suggest that specific isoforms of CRP mediate chronic
inflammation, in part, by modulating the polarization of monocytes and T lymphocytes
migrating across the endothelial layer. Recently, it has been reported that CRP (untested for
isoform content) directly stimulated Th2 polarization of the human Jurkat T cell line [38],
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and here we report that pCRP promoted a Th2 response with M2 macrophage
differentiation, whereas mCRP promoted a Th1 response with M1 macrophage
differentiation. By logical extension, the effect of CRP isoforms on T lymphocytes in the
progression of atherosclerotic plaques presents a promising potential area of study.

Statins and Endothelial Microparticles

The lower numbers of mMCRP* MPs in controls taking statins could be the result of reduced
exposure of circulating soluble pCRP to phosphatidylcholine, present on the surface of
activated cells and MPs and necessary for the conversion of pentamer to monomer [2,3,19].
Statins are known to reduce the synthesis of phosphatidylcholine [39] as well as the release
of MPs from endothelial cells, platelets, and monocytes [28]. Statins have also been reported
to reduce the amount of circulating soluble pCRP [40], which could be a source for binding
to MPs, even though there was no correlation between hsCRP measurements of pCRP and
MPs bearing either isoform of CRP in patients. Thus, other variables also associated with
atherosclerosis may supersede the effects of statin treatment, including the levels of tissue
factor on MPs. Additionally, we do not know if the elevation of endothelial MPs pre-dated
statin treatment and were decreased but not to control levels. Our study is not intended or
powered to further examine this inference.

Both endothelial MPs [28] and soluble pCRP levels [41] have been found to be decreased by
statins independent of the ability of statins to lower LDL cholesterol. However, here we
found a strong correlation between LDL-c levels and the number of endothelial MPs bearing
MCRP, suggesting LDL-c could be a modulator of the MP association with mCRP. The
mechanism by which this occurs is unknown, but increased LDL-c is associated with
chronic inflammation in vessels and generally associated with increased lipid deposition in
the vascular wall, and statins decrease this phenomenon [42]. In addition to their effects on
lipids, however, statins also suppress the inflammatory reaction through inhibition of
isoprenylation in cytokines and chemokines [43]. In either case, the association of
endothelial MPs and mCRP bound to them suggests a direct interaction with the
endothelium (and by inference the LDL receptor). It is to be noted, however, that these
inferences arise from the observations in our control population in which there is no history
of PAD.

Limitations and future studies

Our study of mCRP in PAD patients was a blind pilot study that has inherent limitations. We
were limited to samples from 18 PAD patients that were not collected longitudinally, and we
did not have access to the patient’s disease progression or treatment outcomes. We were also
limited in the number of controls that we could find with ages relatively close to the patient
population. Nevertheless, our findings are notable in demonstrating that two CRP assays
failed to detect all CRP isoforms and the measured levels did not correlate with elevated
levels of mMCRP™ endothelial MPs found in PAD patients. An expanded study could follow
mCRP* endothelial MP levels across both PAD progression and treatments to see if it is
predictive of positive or negative outcomes and potentially improve risk assessment
sensitivity.
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Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance

The clinical significance of these findings is that signaling species may be sequestered in
MPs and not be accessible to nor measured by standard plasma assays. We have no
reason to believe that the findings will be limited to CRP. Furthermore the partition of
these species from plasma to MPs appears to be dynamic, regulated, and dependent upon
the MP source. In these data statins modified the partition as did the presence of PAD.
Critically, the data suggest that our standard plasma assays of such species may be
inaccurate, are at least underestimates, and may provide misleading information to the
practitioner who happens to be assessing the plasma pool. Signaling species that are
packaged with MPs are likely to have profound effects on the cell that ingests them and
therefore be active.

The increased number of endothelial MPs in the patients, despite the fact that they are
almost all on statins, may be due to the influence of health or lifestyle factors, such as
smoking, diabetes, or aspects of cardiovascular disease other than PAD. Our patient
sampling was too small to investigate the contributions of these other influences on the
major findings in this report, but our intention is to promote the idea that further studies
are warranted.
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—F

plasma
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MP

Detection of CRP isoforms and MPs by the hsCRP assay. a CRP detection in unmanipulated
plasma (first column) or after passage over phosphocholine-coupled beads (second column,
CRP depletion). The third column was 2 pg/ml pCRP added to CRP-depleted plasma and the
fourth column was 2 pg/ml urea-solubilized mCRP added to the CRP-depleted plasma. b
Levels of CRP in plasma with MPs removed (second column), or in MPs purified from the
plasma (third column). (n=3)
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Fig. 2.

Endothelial-derived MPs (and those bearing mCRP) measured by flow cytometry. (a) The
number of lactadherin* CD144* particles was increased in PAD patients. The number of
endothelial MPs bound with (b) mCRP, but not (c) pCRP, was increased for PAD patients.
(n=11 for controls, n=18 for PAD patients, *p < 0.05)

J Cardiovasc Transl Res. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Crawford et al.

§ 80 -
o))
=3
;60- -
i
o,
> 401 m
©
n
n
© 20
A
(14 - O -.
o 0--! L] L !l 1
2 0 10 20 30 40

endothelial mCRP"* particles/mI X 10*

Fig. 3.

Page 17

Correlation of hsCRP measurements with the number of endothelial MPs. There was no
correlation (R=0.196 linear) between the elevated pCRP plasma levels measured by hsCRP
in PAD patients compared to the number of endothelial derived MPs bearing mCRP (n=18)
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Fig. 4.

Separation of normal controls by statin treatment. (a) The number of endothelial mMCRP*
MPs in controls on or off statins. (b) The correlation (R=0.85) between the number of
endothelial mMCRP* MPs and LDL-c in the plasma. No correlations were found for (c)
endothelial pPCRP * MPs and LDL-c (R=0.02) or (d) endothelial nCRP * MPs and
triglycerides (R=0.17). (n=5 for controls, n=6 for controls + statin treatment, *p < 0.05)
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Fig. 5.

Ct?aracterization of cells and MPs after transendothelial migration (TEM). a The number of
M1 or M2 macrophages counted four days post-migration with the indicated treatment
above the endothelial monolayer (pCRP and mCRP). (n=5; *p < 0.05 and ***p < 0.001).
Migrated macrophages treated with pCRP were CD206 positive, whereas those treated with
MCRP were CD86 positive. b The average signal (mean pixel density) was measured for
cytokines using protein arrays. Protein levels of IFN-y were higher after mCRP than after
pCRP treatment, whereas levels of IL-13 were higher after pCRP treatment (n=4; p=0.02). ¢
and d The number of MPs from endothelial cells (EC), with the presence or absence of
mononuclear cells (MNLSs). ¢ Solubilized mCRP bound to MPs generated in the TEM assay.
d mCRP, but not MCP-1 alone, induced the generation of MPs in the TEM assay similar to
TNF stimulation. (n=3)
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Table 1

Demographics and Clinical Characteristics of Donors?

Controls  PAD patients

Demographics
Age (years)
Sex (male) %
hsCRP (ug/ml)
Risk factors %
Current smoker
Former smoker
Hypertension
Diabetes
History of CAD
Medication %
Aspirin

Statin
Clopidogrel
ACE inhibitor

54.4+53 65.3+2.2
66.7 100
1.7+£05 13.2 £ 4.3*

0 42.1
- 57.9
- 84.1
- 47.4
0 57.9

16.7 68.4
50 73.7
- 31.6

- 78.9

a . .
Data not collected for controls were indicated with a dash.

Data were reported as mean + SE where applicable. (n=12 for controls, n=18 for PAD patients; **p < 0.005) CAD coronary artery disease

J Cardiovasc Transl Res. Author manuscript; available in PMC 2017 June 01.

Page 20



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Crawford et al.

MP characterization

a Total MPs and those bearing CRP isoforms

Controls

PAD patients

P value

Total 2.6x108 £ 0.6
mCRP*  1.1x107 +0.3
pCRP*  1.8x107 +0.5

2.4x108+0.3 0.89
0.5x107 0.1 0.28
1.6x107 £ 0.4 0.58

b MPs of Specific Cellular Origins (x 105)

Endothelial:

Controls PAD patients Pvalue % Increase
Total 27105 17.8+45 0.003 559
mCRP* 0.3zx0.1 1.2+£0.3 0.013 300
pCRP* 12%0.3 14+05 0.36 17
Platelet:

Controls ~ PAD patients P Value % Increase
Total 117+21 217 £52 0.36 85
mCRP* 4.9x12 44+15 0.51 -10
pCRP* 10+4 15+5 0.94 50
Monocyte:

Controls ~ PAD patients P Value % Increase
Total 14+5 8+3 0.42 -43
mCRP* 1.3x0.6 05+0.2 0.11 -61
pCRP* 46+19 12+£06 0.51 -74
B cell:

Controls ~ PAD patients P Value % Increase
Total 14+07 41+13 0.08 193
mCRP* 0.2x0.1 03+0.1 0.76 50
pCRP* 17+10 19+1.1 0.65 12

Table 2

Page 21

MPs were measured by flow cytometry as the number of lactadherin™ events per ml in the 0.1-1 pm size range. MPs were also measured for bound
CRP isoforms and their cellular origin using markers for endothelial cells (CD144), platelets (CD41), monocytes (CD14), or B cells (CD19). Data
were reported as mean + SE. (n=11 for controls, n=18 for PAD patients)
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