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Abstract

Surrogate markers to detect vasculitic processes prior to organ compromise are lacking. To determine
if specific populations among the fibronectin (FN) family of alternatively spliced proteins correlate
with parameters of vasculitis in at-risk patients, we retrospectively evaluated the association of
plasma levels of total FN (TFN) and FN bearing the alternatively spliced EIIA segment (A*FN)
with clinical vasculitis status and with levels of two putative vasculitis markers (C-reactive protein
[CRP] and von Willebrand factor) in a previously-studied cohort of 27 patients with systemic
inflammatory disease. We found that the percentage of TFN comprised by A*FN (%A*) and A*FN,
but not TFN, correlated with plasma levels of CRP, the prototypic inflammation biomarker used to
detect vasculitis. These findings suggest that different FNs may confer distinct clinical information,
and that their simultaneous measurement merits further investigation in our efforts to identify soluble
biomarker systems to detect vasculitis.
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INTRODUCTION

Fibronectins (FNs) are a heterogeneous family of adhesion glycoprotein isoforms that differ
as a consequence of alternative splicing. FN in plasma (pFN) has previously been considered
to be a homogeneous molecular population derived from the liver (Tamkun et al. 1983, Hynes
1990). As such, pFN has been viewed as being devoid of molecules bearing the alternatively
spliced 90 amino acid EIIA (for “extra type Il repeat A””) segment, since hepatocytes, which
synthesize pFN, do not normally express FNs bearing this segment (Tamkun et al. 1983,
Schwarzbauer 1991). However, small (less than 1% of total pFN pool) quantities of FN bearing
the EIIIA segment (A*FN) are present in the circulation of healthy individuals. Additionally,
A*FN has been reported to be increased above normal control levels in the circulation of
patients and experimental animals with vascular tissue injury (Peters et al. 1986, Peters et al.
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1988, Petersetal. 1989, Lockwood etal. 1990, Fijnheer etal. 1997, Peters etal. 2003). Although
the source of such circulating A*FN remains uncertain, in situ hybridization and
immunohistochemical analyses have shown increased A*FN expression and deposition at sites
of blood vessel injury (Dubin et al. 1995, Nickeleit et al. 1995, Tan et al. 2004), and prominent
A*FN expression has been observed at the surface of atheromatous lesions in Apo E null mice
with increased plasma levels of A*FN (Tan et al. 2004). These findings raise the possibility
that the increased circulating A*FN levels that occur in association with vascular tissue injury
could result from synthesis and release from cells in blood vessel walls.

We hypothesize that simultaneous measurement of the total pool of pFN (TFN) and A*FN
should yield two qualitatively different information sets, each reflecting distinct in situ
“microenvironments”. Specifically, the majority of TFN is an acute phase reactant derived
from the liver (Tamkun et al. 1983, Amrani et al. 1986, Pick-Kober et al. 1986, Hynes 1990),
whereas A*FN is normally concentrated in blood vessel walls (Vartio et al. 1987, Peters et al.
1996). Therefore, potential sources of soluble circulating A*FN in health and disease include
vascular endothelial cells, which have been observed to express EIIIA segment-enriched FN
in vitro (Peters et al. 1990), and platelets, in which A*FN is similarly enriched relative to the
total pool of alpha granule FN (Paul et al. 1986, Peters et al. 1995). Consistent with this
distribution, circulating A*FN has gained a reputation as a marker for vascular injury or
“endothelial activation™. In support of this, plasma A*FN levels have been observed to be
elevated in several disorders involving vascular injury, including preeclampsia (Lockwood et
al. 1990, Sikkema et al. 2002), subarachnoid hemorrhage (Frijns et al. 2002), sepsis (Peters et
al. 1989, Fijnheer et al. 1997), acute major trauma (Peters et al. 1989), hemorrhagic
transformation of acute ischemic stroke (Castellanos et al. 2004), thrombotic
thrombocytopenic purpura (Fijnheer et al. 1997), and rheumatoid vasculitis (Voskuyl et al.
1998). Despite these findings, measurement of A*FN has seldom been performed
simultaneously with TFN (Peters et al. 1988, Peters et al. 1989, Lockwood et al. 1990, Satoi
etal. 1999), nor has the relationship between the two categories of FN previously been assessed
for correlations with parameters of vascular injury or inflammation, including other putative
biomarkers.

Sensitive and specific biomarker systems to detect and characterize vasculitis that occurs in
the setting of systemic inflammatory disease (SID) or de novo are increasingly needed in this
era of powerful therapeutic biologic agents with the capacity to target specific aspects of the
immune system. Among current inflammatory biomarkers, the acute-phase protein CRP is
recognized as the prototype. CRP and the erythrocyte sedimentation rate (ESR) are commonly
measured together to gauge inflammatory and vasculitic activity in patients with SID and, with
the advent of high sensitivity assays, CRP has also emerged as a strong predictor of
atherosclerotic cardiovascular disease (Blake et al. 2003). Despite this, CRP is a non-specific
marker for inflammation (Krishnamurthy et al. 2006) with a variable capacity to sense different
SID-related vasculitides. For example, CRP has been observed to be more sensitive than
erythrocyte sedimentation rate for detection of giant cell arteritis (GCA) (Hayreh et al. 1997),
but may be only moderately raised in systemic lupus erythematosis (SLE) patients with very
active disease (ter Borg et al. 1990). Clearly, additional sensitive and specific biomarkers to
characterize and monitor the activity of vasculitides, SID-associated or not, would be helpful.

To assess whether A*FN and TFN could constitute soluble biomarkers for vascular tissue
injury, we retrospectively examined a cohort of 27 patients with SID in whom the two FN
pools had previously been simultaneously measured at a number of time points. We looked for
evidence of correlations between these levels, or their relationship to one another (expressed
as the percentage of the TFN pool comprised by A*FN [%A™]), with parameters indicating
vasculitis. Specifically, levels of the two pools were examined for correlations with clinical
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evidence of vasculitis and with simultaneously measured levels of CRP and another putative
biomarker for vascular injury, von Willebrand factor (VWF).

Materials and Methods

Study design

The original study was approved by human research oversight committee at the University of
Bristol, England. Methods for plasma sample collection, preparation and quantitative
immunoassays for TFN and A*FN were described in our previous descriptive report (Peters
etal. 1989). 27 patients with SID, studied at the Bristol Royal Infirmary in 1986-1987, included
individuals with rheumatoid arthritis (RA) (n=11), SLE (n=3), progressive systemic sclerosis
(PSS) (n=3), polymyaositis (n=2), GCA (n=2), polymyalgia rheumatica (n=2), Wegener’s
granulomatosis (n=1), polyarteritis nodosa (n=1), eosinophilic fasciitis (n=1), and primary
Sjogren’s Syndrome (n=1). 16 of the 27 patients exhibited clinical and/or histologic evidence
of vasculitis, conforming with three general clinical categories: 1) “small vessel” in 6 (2 each
with RA, SLE and PSS), 2) “systemic necrotizing” in 8 (5 with RA, 1 with polymyositis, 1
with polyarteritis nodosa, and 1 with Wegener’s), and “large vessel” in 2 (both with GCA)
(Woolf etal. 1987). Of note, the original studies from which the current database is drawn were
conducted prior to development of the Birmingham Vasculitis Activity Score (Lugmani et al.
1994) and Chapel Hill Consensus Conference classification (Jennette et al. 1994). Therefore,
in addition to a specific SID diagnosis, the information available to us for each patient was
limited to assessments regarding the presence and category (see above) of vasculitis, age,
gender, presence or absence of glucocorticoid therapy, and plasma biomarker (CRP, vVWF,
A*FN, and TFN) levels. Each patient contributed between 1 and 10 plasma samples, at intervals
ranging from 3 days to 1 month. A single sample of venous blood was also obtained from each
of 10 healthy “control” subjects, who were drawn from the staff of the Bristol Royal Infirmary.
The SID patients had originally been included in a study of the utility of vVWF levels in the
assessment of vasculitis, in which vVWF and CRP levels were measured in most plasma samples,
respectively by ELISA or radial immunodiffusion (Woolf et al. 1987). Levels of vWF and
CRP, each expressed as a percentage of the average normal control level, were therefore
respectively available for 62 (98%) and 42 (65%) of the 63 samples from 27 SID patients for
which TFN and A*FN levels had previously been measured. In contrast, only FN levels were
available for the 10 “control” samples (Peters et al. 1989).

Statistical analysis

Results

T tests were used to compare age and number of blood draws between the vasculitic cases and
the non-vasculitic control group. To assess the effect of vasculitis status upon average plasma
concentrations of putative vascular injury markers, linear mixed effects models were fitted.
The response variable was taken to be a given marker (e.g., A*FN concentration), whereas the
predictor was vasculitis status. The intercept was taken to be random. Relationships between
pairs of plasma protein components were analyzed by linear mixed effects models in order to
estimate the degree to which one marker predicted the other at a particular blood draw, the
degree to which a particular marker changed over time within and across patients, and to permit
adjustment for diagnostic group via regression modeling. Linear mixed effects models were
also used to compare SID patients with normal controls, and vasculitic with non-vasculitic
groups.

Subject characteristics

The control group of 10 healthy volunteers was composed of 5 females ranging in age from
23 to 37 (average age 29), and 5 males ranging in age from 29 to 35 (average age 32) with an
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overall average age of 30 years (Peters et al. 1989). In contrast, ages in the SID group ranged
from 32 to 79 for the 26 subjects for whom age was recorded (age was not recorded for one
individual). Within this group, the subgroup with vasculitis was younger (56.3 * 13.6 years,
n=15 [no age was available for patient 27, therefore n=15 instead of 16]) than the subgroup
without vasculitis (60.8 + 10.8 years, n=11) but the difference was not significant (p=0.35).
Females accounted for 13 (86.7%) of the 15 vasculitis patients for whom gender was recorded
(this information was not recorded for one of the vasculitis patients), and 10 (90.9%) of the 11
patients in the non-vasculitis subgroup (Table I). 13 (92.9%) of the 14 vasculitis patients for
whom information was available were on steroid therapy, whereas such treatment information
was not recorded for the remaining two patients in this group. In comparison, 5 (45.5%) of 11
patients in the non-vasculitis group were on steroid therapy. Patients with vasculitis underwent
significantly more blood draws (3.2 + 2.4) than the non-vasculitis group (1.2 = 0.4) (p=0.007)
(Table 1).

Relation of levels of A*FN and TFN to parameters of vasculitis in SID patients

In comparison to healthy controls, patients exhibited significantly increased average circulating
levels of ATFN (4.64 vs. 2.28, p=0.03), but not of %A* (1.09% vs. 0.64%, p=0.06) or TFN
(426.4 vs. 368.2, p=0.11) (not shown). Also, the average levels of A*FN, TFN, %A*, vWi and
CRP were higher in SID patients with vasculitis than without vasculitis, but these differences
did not attain statistical significance for any of the five markers (Table 2). Patients with
vasculitis were further categorized as “small vessel”, “systemic necrotizing”, and “large
vessel”. Consistent with previous observations (Woolf et al. 1987), patients with evidence of
necrotizing vasculitis exhibited higher levels of vVWF than non-vasculitis patients when a log
transformation of VWF was used (57% greater; p=0.024), but such a difference was not evident
for the “small vessel” or “large vessel” vasculitis subgroups. In comparisons between the three
vasculitis subgroups, some variation in levels of plasma protein components was evident (see
Figure 1 for A*FN and VWF), but small sample sizes and substantial variability within and
between patients within diagnostic categories precluded having adequate statistical power to
detect differences across vasculitis subtypes.

The relationship among putative vascular injury markers was assessed by fitting separate
repeated measures regression models, first with one predictor marker alone (Table 3), and then
with an indicator for vasculitis (Table 4), to determine whether significant correlations could
be largely accounted for by changes in both markers limited to those with vasculitis. When the
vasculitis status of subjects was not considered, both A*FN and %A™ correlated significantly
with simultaneously-measured levels of CRP (p<0.001 for both comparisons) (Table 3). The
correlations between A*FN and %A* with CRP persisted even after removal of two large
“outlier” values (Figure 2, left panel). When vasculitis status was considered, the association
between elevated levels of %A* and CRP remained strong (Table 4, p<0.001), suggesting that
this association was not solely accounted for by differences associated with the presence of
vasculitis. The relationship also persisted after removal of two outliers. The association
between A*FN and CRP, however, was no longer significant when vasculitis status was
considered (p=0.63, Table 4). No significant correlations were evident between TFN and CRP,
either without considering vasculitis status (p=0.52, Table 3), or when vasculitis was added as
a predictive factor (p=0.52, Table 4).

VWF was significantly correlated with CRP, regardless of whether the vasculitis status was
considered (p=0.007) (Table 4) or not (p=0.005) (Table 3). A*FN and %A* were significant
as predictors for vVWF (p=0.037 and p=0.004, respectively) (Table 3), but the correlations for
%A™* and A*FN did not persist after removal of the two outliers (Figure 2, right panel). A*FN
also was not significantly correlated with vVWF once the effects of vasculitis on vVWF levels
were considered (p=0.07, Table 4). In contrast, %A* correlated significantly with vVWF even

Biomarkers. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peters et al.

Page 5

after considering vasculitis status (p=0.008, Table 4), but the significance again was lost upon
removal of two outliers. No significant correlation between TFN and vVWF was evident in
analyses unadjusted (p=0.80, Table 3) or adjusted for vasculitis status (p=0.94, Table 4). These
findings were not materially changed in models adjusted for other covariates or restricted to
patients with vasculitis (results not shown).

Plasma levels of A*FN and TFN have previously been observed to vary according age (Fyrand
et al. 1978, Peters et al. 1989). However, when a linear mixed effects model was fitted with
age as an additional predictor, the correlations between A*FN, TFN, CRP and VWF cited in
Tables 3 and 4 were not affected. It was not possible to similarly assess whether gender or
steroid usage played roles in the results, since the SID group included only three males, and
most vasculitis patients were on steroid therapy.

Discussion

The observations of this study are consistent with our hypothesis that, based upon their spatially
different tissue expression patterns, plasma levels of A*FN and TFN may provide distinct sets
of clinical biomarker information. We have observed that A*FN, but not simultaneously-
measured TFN, is significantly elevated in a cohort of SID patients in comparison to healthy
controls, potentially reflecting incipient SID-related vascular injury or dysfunction. We have
also found that both %A* and A*FN correlate with levels of the prototypic inflammation
marker CRP in patients with SID, whereas TFN does not. Specifically, %A™ predicted CRP
not only overall but also independent of vasculitis status. In contrast, the correlation between
A*FN and CRP was only significant if vasculitis status was not considered. These observations
suggest that, while tissue expression analyses predict that plasma levels of A*FN should be a
better marker for vascular inflammation and injury than TFN, the relationship between the
“vascular injury marker” (A*FN) and the “acute phase reactant” (TFN) contributes importantly
to the overall CRP-convergent %A* signal.

Why should the portion of TFN comprised by A*FN (%A*) correlate with the development of
vasculitis in patients with systemic inflammatory disorders? Production of FN in the setting
of vascular inflammation is likely to occur both in the liver — where FN is synthesized as an
acute phase reactant in response to inflammation at any site in the body, and in blood vessel
walls in response to local injury (Clark et al. 1982, Hynes 1990). A variety of data, including
histologic analyses (Vartio et al. 1987, Dubin et al. 1995, Peters et al. 1996, Tan et al. 2004),
isolated perfused organ studies (Peters et al. 1986), and analyses of FN synthesis by endothelial
cells (Peters et al. 1990, Peters et al. 1995), predict that vessel wall injury should lead to local
production and release of FN that is enriched in A* isoforms relative to the total pool of plasma
FN (TEN). The vast bulk of the latter pool is derived from hepatocytes, which do not normally
express the EINIA segment (Hynes 1990). Therefore, in the absence of overt liver disease, in
which hepatic production of A*FN could potentially occur (Jarnagin et al. 1994), %A* should
reflect the relationship between a numerator term (A*FN) denoting vascular inflammation,
and a denominator term (the acute phase reactant TFN) reflecting generalized (vascular plus
extravascular) inflammation. In patients with SID, %A* should not only signify the presence
of vasculitis (through release of A*FN from injured blood vessels), but should also reflect that
prominence of vasculitic inflammation (embodied in the A*FN numerator) relative to the total
inflammatory burden (embodied in the TFN denominator).

Plasma vVWF, which is expressed only by endothelial cells and platelets/megakaryocytes, has
also been observed to be increased in the plasma of patients with certain varieties of vasculitis
(Woolf et al. 1987, Uddhammar 2000). Consistent with this, we found that levels of VWF
correlated strongly with CRP in the SID cohort, both overall and after considering the effect
of vasculitis on CRP levels. Although we observed trends for both %A* and A*FN to similarly
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correlate with vWF, these did not attain significance, since much of the association was driven
by a small subgroup of patients. In this respect, the subset of SID patients with vasculitis
exhibited substantial heterogeneity both within and between subjects in almost every marker,
suggesting that between-patient differences in the trajectory of vascular injury severity and
inflammation may play important roles in differentiating subgroups clinically. The small
number of patients and within-group variation limited ability for a priori comparisons, but
descriptive analyses of subgroups suggested that necrotizing vasculitis patients may be at
particular risk of high and persistent inflammatory marker levels (Figure 1).

Among the several limitations of the current study is that we have studied a small number of
patients, rendering the analyses vulnerable to outliers and influential points, and precluding
statistical comparisons between biomarkers according to small vessel, large vessel, and
necrotizing vasculitis categories. Another potential concern is that A*FN levels could
potentially have been increased, as least in part, as a consequence of injury resulting from
vascular instrumentation. For example, the increased levels of A*FN observed in SID patients
versus healthy controls could possibly reflect the fact that controls received only one blood
draw, whereas the patients underwent multiple phlebotomies, potentially leading to elevations
in plasma levels of endothelial injury markers. Finally, we have compared average values for
groups of individuals in the current study, rather than for groups of samples, as we did in our
previous descriptive study (Peters et al. 1989). For example, we previously reported that
average A*FN and TFN plasma sample concentrations were significantly greater for the
subgroup of SID patients with versus without vasculitis, we find in the current study that the
average plasma concentrations of these two categories of FN did not differ significantly
between individuals with and without vasculitis.

Specific plasma biomarkers or sets of biomarkers have proven to be of particular utility in the
diagnosis of specific varieties of vasculitis, e.g. cytoplasmic antineutrophil antibody and
antiproteinase-3 in Wegener’s granulomatosis (Krishnamurthy etal. 2006). It is therefore likely
that we will need to rely on multiple circulating biomarkers to optimize diagnostic decisions
regarding vascular inflammation. This study suggests that different categories of FN may
confer unique sets of clinical information with regard to SID-associated vasculitis status, and
that simultaneous measurement of A*FN and TFN merits further investigation in our efforts
to identify soluble biomarker systems to detect and monitor response to therapy in these
disorders. Specifically, the ratio of concentrations of A*FN to TFN (%A*), but neither level
alone, correlated significantly with levels of the putative vascular injury marker CRP regardless
of vasculitis status. The ratio between plasma levels of two FN pools is therefore recognized
as a potential biomarker for SID-related vascular injury/inflammation. Further research with
larger numbers of patients will be helpful to confirm the observations obtained in this study.
Specifically, additional studies with larger sample size should help to characterize the
trajectories of specific categories or combinations of circulating FNs, find how these
trajectories differ across subgroups such as those with specific varieties of vasculitis, and
determine whether these trajectories are correlated with clinical outcome.
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Figure 1.

Variation in plasma levels of A*FN and VWF between categories of vascular complications in
SID, within category, and within person. Box plots show variation for repeated measures on
same person; the ends of each box mark the 25t and 75t percentile of all observations for the
person, and the whiskers show observations in the first and last quartile. Outliers are shown
by open circles. Individuals with only one observation are shown by a single line segment. In
A, the ordinate is A*FN concentration (micrograms/ml), whereas, in B, the ordinate is log of
VWEF concentration (expressed as % of average concentration in healthy controls). vVWF was
log transformed to stabilize variance and reduce skewness of data. Patient number 10 is missing
from panel B, since no VWF concentration was available for this subject.
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Relationship between %A*, CRP and VWF in patients with SID. A. The relationship between
%A* and CRP is significant and persists after removal of outliers. B. The relationship between
%A* and VWF is significant but does not persist after removal of outliers. CRP and vVWF are
each expressed as the % of the average concentration in healthy controls, whereas %A*

represents the ratio of the concentration of A*FN to TFN (both in micrograms/ml).
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Table 1
Characteristics of patients with systemic inflammatory disease without (controls) versus with vasculitis (cases)”

Controls (without vasculitis) (n=11)

Cases (with vasculitis) (n=16)

Age 60.8+10.8 56.3+13.6
Percent female 90.9 86.7
Percent on steroid treatment 45.4 85.7
Number of blood draws 1.2+04 3224

Page 11

*
In the non-vasculitis control group, no age was recorded for one patient, so age data was averaged for n=10. Similarly, in the vasculitis case group, gender
information was unavailable for one patient, and steroid treatment information was missing for two patients. Therefore, gender and steroid data for this

group were averaged for n=15 and n=14, respectively. Values are expressed as the mean + standard deviation.
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Table 3
Correlations between levels of plasma biomarkers, irrespective of subject

vasculitis classification”

Outcome: CRP Regression coefficient std. error p-value Df
Predictor

AFN 17.144 2.541 <0.001 23
TFN —-0.09 0.14 0.52 23
%A* 9135.321 920.837 <0.001 23
VWF 0.215 0.069 0.005 23
Outcome: VWF regression coefficient std. error p-value Df
Predictor

AFN 13.203 6.1 0.037 35
TFN 0.051 0.2 0.80 35
%A* 8345.609 2695.398 0.004 35

*
The response variable is listed as the “outcome”. Vasculitis status is not included as a predictor. The random effect was included on the intercept.
ATEN refers to the plasma concentration (ng/ml) of FN isoforms bearing the EI1IA segment. TFN refers to the total concentration (ug/ml) of FN in plasma.

%A™ refers to the percentage of TFN comprised of ATEN isoforms. VWF and CRP respectively refer to the plasma concentrations of VWF and CRP,
expressed as the % of the average value in healthy individuals.
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Correlation between levels of plasma biomarkers, adjusting for subject vasculitis
status (vasculitis included as a predictor)”

Outcome: CRP Regression coefficient standard error p-value
Predictor

AFN 17.404 32.569 0.63
TFN —0.093 0.14 0.515
%A* 9382.463 920.837 <0.001
VWF 0.212 0.071 0.007
Outcome: VWF Regression coefficient standard error p-value
Predictor

AFN 11.681 6.238 0.07
TFN 0.016 0.197 0.937
%A* 7763.922 2750.941 0.008

*
The response variable is given as “outcome”. The two predictors are vasculitis status and the marker shown at the beginning of the row. ATFN refers to

the plasma concentration (ug/ml) of FN isoforms bearing the EIIIA segment. TFN refers to the total concentration (ug/ml) of FN in plasma. %A refers

to the percentage of TFN comprised of ATFN isoforms. vWF and CRP respectively refer to the plasma concentrations of vVWF and CRP, expressed as the
% of the average value in healthy individuals.

Biomarkers. Author manuscript; available in PMC 2010 June 1.



