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Abstract

Purpose Cystic fibrosis (CF) patients suffer from chronic
lung inflammation. This inflammation may activate plate-
lets. There are limited data on the role of platelet-secreted
cytokines in CF. Platelet cytokines with inflammatory
effects include vascular endothelial growth factor (VEGF)
and transforming growth factor-B1 (TGF-B,). As levels of
these cytokines are tenfold greater in serum than plasma
due to platelet release, serum levels may be one index of
platelet content, but a more specific index is release during
the aggregation of isolated platelets. We postulated that
altered release of these platelet cytokines occurs in CF.
Methods We obtained sera and plasma from CF outpa-
tients (n = 21) and from healthy controls (n = 20), mea-
sured VEGF and TGF-f;, assessed for correlations with
platelet number, analyzed cytokine release during platelet
aggregation to collagen, and analyzed differences in max-
imal platelet aggregation.

Results Platelet number and maximal aggregation levels
were higher in CF. Plasma and serum levels of TGF-3; and
VEGF were higher in CF, but these levels were similar
after adjusting for platelet number (serum cytokines cor-
related with platelet count). The release of VEGF and
TGF-B; during aggregation was decreased in CF platelets
(by 52 and 29 %, respectively).
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Conclusion Platelet release is not a source of the elevated
blood proinflammatory cytokines TGF-B; and VEGF in
CF, as platelets from CF patients actually release less of
these cytokines. These data provide further evidence for
platelet defects in CF.
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Abbreviations

CF Cystic fibrosis

CFTR  Cystic fibrosis transmembrane conductance
regulator

NSAID Nonsteroidal anti-inflammatory drug

PRP Platelet-rich plasma
PPP Platelet-poor plasma

TGF-B; Transforming growth factor-beta 1
VEGF  Vascular endothelial growth factor
Introduction

Cystic fibrosis (CF) is a lethal disease where chronic
inflammation causes progressive lung destruction. Other
sites such as the pancreas, sinuses, and liver are also fre-
quently involved. [1, 2] Recurrent acute bacterial infections
amplify the effects of chronic infection and thereby con-
tribute substantially to the progressive loss of lung function
and untimely death that characterize this disease. Leuko-
cyte-triggered damage is clearly a primary destructive
factor in CF, but platelets activated by systemic inflam-
mation may also be important as they can release the
contents of their granules in the lung (including proin-
flammatory cytokines) and thus worsen inflammation
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[3-6]. Thus, platelets and their secreted substances have
been of interest in CF as both potential biomarkers of
disease activity and as targets for therapeutic interventions.
Mutations in CFTR may also affect platelet function
independent of inflammation, and CF platelets have been
reported to be hyperaggregable and secrete more throm-
boxane A2 and soluble CD40 ligand. [6—10] The beneficial
effect of ibuprofen in CF could be related to its inhibition
of platelet aggregation. Interestingly, inhibition of platelets
also decreases lung inflammation in LPS-challenged cystic
fibrosis transmembrane conductance regulator (CFTR)
mutant mice, further supporting a potential role for plate-
lets in the inflammatory cascade of CF [11]. Pseudomonas
components can activate CF platelets directly [12]. Platelet
counts and ex vivo platelet aggregation are also known to
be higher in CF patients, as is typical of many diseases of
chronic inflammation. However, it remains undetermined if
platelet cytokine levels increase in response to the many
stimuli of chronic inflammation in CF [10, 13, 14].

There are limited data available on platelet-derived
cytokines in CF. Platelet-secreted cytokines with inflam-
matory effects that have been examined in CF include
vascular endothelial growth factor (VEGF) and trans-
forming growth factor-beta 1 (TGF-B;) [15-17]. Serum
and/or plasma levels of these two cytokines have been
shown to be elevated in CF patients, to increase with acute
exacerbations, and to be associated with the severity of
lung disease and/or pseudomonas colonization [18-21].
Notably, VEGF and TGF-; are highly expressed in pla-
telets, so their serum levels (measured in coagulated blood)
are up to tenfold greater than plasma levels (measured in
anticoagulated blood) [18, 21]. Serum cytokine levels thus
may an index of the platelet stores of these cytokines,
related to both platelet number and platelet content
[22, 23]. As higher platelet counts in CF may confound
interpretation of the serum levels of these platelet cytoki-
nes, serum values should be adjusted for platelet count
[23], but this has not been done in the CF studies to date. A
more accurate assessment of platelet cytokine content/re-
lease can be determined after in vitro aggregation of iso-
lated platelets, which has also not been described in CF.
Plasma cytokine concentrations, on the other hand, are an
index of circulating cytokine levels, reflecting release from
many tissues. Plasma TGF-f; is also increased in CF
patients, both with or without acute infections, where it
appears to be associated with the severity of lung disease
and with pseudomonas colonization [21, 24].

We postulated that platelet release of the profibrotic and
proinflammatory cytokines TGF-B; and VEGF would be
altered in CF as further evidence of defective platelet
function in CF. To test this hypothesis, we studied blood
and platelets from CF outpatients who had not recently
been hospitalized or treated for an acute infection.
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Materials and Methods
Human Subjects

The study was approved by the Medical College of Wis-
consin Institutional Review Board in Milwaukee, Wis-
consin. All subjects gave informed written consent, and all
procedures were performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki
and its later amendments or comparable ethical standards.
All CF patients had lung disease (based on abnormal
imaging studies and/or abnormal lung function tests in the
past year), abnormal sweat chloride tests, or carriage of two
well-characterized CFTR mutations on DNA sequencing.
Subjects were a convenience sample enrolled prospectively
over 3 months as they presented for routine follow-up
visits at a multidisciplinary CF clinic at the Medical Col-
lege of Wisconsin clinics. Lung function tests were not
abstracted as part of study data. Healthy controls were
recruited from hospital staff. Inclusion criteria were age
18—40 years. Exclusion criteria were hospitalization in the
past 30 days, lung transplant, acute infection requiring
antibiotics (or use of chronic azithromycin), smoking, and
use of aspirin or nonsteroidal anti-inflammatory agents in
the past 2 weeks.

General

All plastics, solutions, chemicals, and buffers were from
Sigma (St. Louis, MO) unless otherwise stated.

Serum and Plasma Samples

Preparation of plasma and serum followed the published
procedures using heparin-containing tubes for plasma and
plain glass tubes for serum [25]. Ten milliliter of blood was
drawn by venipuncture from arm veins with a 21 gauge or
larger needle. Blood was allowed to stand for 30 min at
22 °C to ensure full clotting of serum. The samples were
then centrifuged at 750 xg for 10 min at 4 °C; then
supernatants were aliquoted and frozen at —70 °C. Cell
counts were not assessed in whole blood.

Platelet Isolation

Platelet-rich plasma (PRP) was isolated from whole blood
as described using ACD (acid citrate dextrose)-filled tubes
[25]. Whole blood was centrifuged at 90x g for 15 min at
22 °C to yield PRP, and then a 1 ml aliquot of PRP was
removed and centrifuged at 2000xg for 10 min to yield
platelet-poor plasma (PPP). Platelet counts were deter-
mined from on PRP on a commercial cell sorter in the
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hospital clinical lab. WBC counts were similarly measured,
and in all cases, isolated PRP had <0.1 x 10° WBC/ml.

Platelet Aggregation

Platelet aggregation was performed in a standard manner as
published [25]. Bovine skin collagen, stir bars, and sili-
conized cuvettes were obtained from Chronolog (Haver-
town, PA). PRP was adjusted with filtered Tyrode’s buffer
to platelet counts of 250,000/ml and to 2 mmol/l CaCl,.
After standing at 22 °C for 30 min, 0.5 ml of adjusted PRP
diluted was then added to paired cuvettes in a dual chamber
lumiaggregometer (Chronolog) and preequilibrated at
37 °C with constant stirring at 900 rpm for 7 min, and then
the experiment was begun by the addition of the aggre-
gating agent (collagen) or vehicle (PBS). The final con-
centration of collagen was selected to achieve maximal
aggregation (125 pg/ml). Agonist-induced aggregation was
verified by characteristic tracings. As a control, the lack of
aggregation after PBS vehicle addition was likewise veri-
fied. Maximal aggregation was defined as peak aggregation
(in percent) with 100 % aggregation defined by the light
transmission of PPP. After 7 min of aggregation, samples
were centrifuged at 10,000x g at 4 °C for 10 min, and the
supernatants were frozen at —70 °C for later analysis. In
quality control experiments using ten healthy subjects, the
concentrations of TGF-f and VEGF in the centrifuged
supernatants of unaggregated PRP preparations were found
to be <5 % of the concentrations seen after collagen
aggregation, so a significant plasma (nonplatelet) contri-
bution of these cytokines to aggregation release data is
unlikely. These techniques are consistent with international
society guidelines for length of aggregation using collagen
[26] and are modeled after other reports that assessed
platelet cytokine secretion [27-29]. In this assay, cytokine
release has been shown to be proportional to the degree of
platelet aggregation in normal subjects [29, 30].

ELISA

The concentrations of all cytokines were determined in
duplicate with commercial ELISA assays (R&D Systems,
Inc. Minneapolis, MN, kit DVEOO for VEGF; and Pro-
mega, Madison, WI, Emax Immuno Assay System G1230
for TGF-B;). General techniques were as published for
VEGEF [25]. These assays are sensitive to 9 pg/ml (0.2 pM)
VEGF and 32 pg/ml (0.04 pM) TGF-f;. Samples used for
VEGF assays were undiluted. Samples for TGF-$3; were
diluted 1:50-1:150 to place them in the range of the stan-
dard curve and were acidified per manufacturer’s directions
to measure total TGF-fB; (active and latent; as opposed to
only active TGF-f;). Optical densities were measured on a
plate reader and corrected for background. Linear

regression from a standard curve was used to determine
concentrations. Dilutions were corrected before data anal-
ysis. We did not test other substances released from pla-
telets such as thromboglobulin that may be more platelet
specific as their role in inflammation and CF is unclear
[31].

Statistical Analysis

A nonparametric unpaired student’s ¢ test was used to
compare groups. Group data are presented as mean = -
SEM or SD, based on normality. Correlations were per-
formed between variables using Pearson or Spearman
analyses, as appropriate (based on normality), and signifi-
cance was determined in relation to degrees of freedom.
Released cytokine concentrations from isolated platelets
were corrected for platelet count. A multivariate analysis
was performed to assess associations of gender, age, and
steroid use with outcome variables. All analyses were two-
tailed and were performed with GraphPad software (San
Diego, CA). Significance was defined as p < 0.05.

Results
Demographics

Features of the study populations are detailed in Table 1.
CF subjects were younger and some were using oral cor-
ticosteroids (all doses were <20 mg/day), compared with
control subjects (p < 0.01). All CF subjects were White
except for one African-American subject, whereas healthy
controls were representative of the more diverse demo-
graphics of the hospital staff recruited for this population.

Platelet Count Correlations
Platelet counts were higher in CF patients than in healthy
controls (Fig. 1; CF 338 £ 23 cells/ul, Controls 249 + 16

cells/ul, mean = SEM; p = 0.002). Mean platelet volume
was similar between groups (6.1 & 0.77 vs. 6.3 £+ 0.46

Table 1 Subject characteristics

Cystic fibrosis Healthy controls

Number 21 20
Age (mean, years) 25.3 332
Gender (% female) 57.9 % 47.4 %
Race (% white) 94.7 68.4
NSAID use (%) 0 0
Prednisone (%) 47.4 0

NSAID nonsteroidal anti-inflammatory drug
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Platelet Number (x10°/ml)

CF

Control

Fig. 1 Blood platelet counts (number) in cystic fibrosis patients (CF)
versus healthy controls (control), depicted as mean + SEM; **
p <0.01

femtoliters, CF vs. control, mean + SD, p = 0.40). Plate-
let count was significantly correlated with both serum
TGF-B; and serum VEGF, with the strongest correlation
being for TGF-B, (Fig. 2, TGF-B;: r = 0.59, p = 0.001;
VEGF: r = 0.41, p = 0.02). These data for correlations
between serum cytokines and platelet number are presented
with both CF and control values combined, but those were
similar and remained significant when CF and control
groups were analyzed separately. Platelet count was not
significantly correlated with plasma TGF-f; or plasma
VEGEF (r/p values of 0.42/0.13 and 0.13/0.30, respectively).
These data indicated that serum levels of TGF-B; and
VEGF are best compared after adjustment for platelet
count. Platelet count was not correlated with use of steroids
in a multivariate analysis (p = 0.27).

Plasma Levels of TGF-; and VEGF are Increased
in CF

Plasma TGF-B; and VEGF were higher in CF patients
compared with healthy controls (Fig. 3). Plasma TGF-;

CF and Controls
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Fig. 2 Correlation of platelet number in blood with serum VEGF and
TGF-B; concentrations in cystic fibrosis patients (CF) and healthy
controls, shown with 95 % confidence intervals (dotted lines). Each
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and VEGF levels were not adjusted for platelet counts as
plasma levels were not significantly correlated with platelet
counts (p values were 0.21 for VEGF and 0.19 for TGF-
B1). Plasma VEGF in CF was not correlated with use of
steroids (p = 0.42).

Plasma TGF-f;: CF: 28,472 £ 2446 pg/ml, range
16,350-52,987 pg/ml; Controls: 19,396 £ 1440 pg/ml,
range 9556-28,280 pg/ml; mean + SEM, p = 0.002.

Plasma VEGF: CF: 89.5 £ 11.6 pg/ml, range 8-209 pg/
ml; Controls: 59.9 £ 7.8 pg/ml, range 16-139 pg/ml;
mean = SEM, p = 0.04.

Serum Levels of TGF-p, and VEGF are
not Increased in CF (When Adjusted for Platelet
Counts)

Serum TGF-f; and serum VEGF (unadjusted for platelet
counts) were higher in CF patients compared with healthy
controls (Fig. 3). Serum cytokine concentrations in CF
were not correlated with use of steroids (p = 0.56).

Unadjusted Serum TGF-f;: CF: 79,646 £+ 9303 pg/ml,
range 30,550-134,535 pg/ml; controls: 53,433 £ 9001 pg/
ml, range 18,250-103,747 pg/ml, mean £ SEM, p = 0.026).

Unadjusted Serum VEGF: CF: 481+ 46 pg/ml, range
152-955 pg/ml; controls: 344 £+ 47 pg/ml, range
67742 pg/ml, mean £+ SEM, p = 0.04).

Since platelet counts were higher in CF patients, to rule
out confounding we compared serum TGF-B; and VEGF
after adjusting for platelet number (expressed as the ratio of
pg cytokine/10° platelets). Platelet-adjusted serum levels of
TGF-B; and VEGF were not significantly different between
CF and healthy controls (Fig. 3, bottom graphs).

Platelet Count-adjusted Serum TGF-f;: CF. 243 +
29 pg/10° platelets (plt), range 107-504 pg/10° plt; con-
trols 255 + 41 pg/10° plt, range 77-513 pg/10° plt; mean
+ SEM, p = 0.86).

Platelet Count-adjusted Serum VEGF: CF: 1.4% 0.1 pg/
10° plt, range 0.2-2.4 pg/10° plt; controls 1.5 4 0.2 pg/10°
plt, range 0.1-3.3 pg/10° plt; mean + SEM, p = 0.53).
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dot represents one individual. p and r coefficient values are in the
Results section; both correlations were statistically significant,
whereas plasma values were not correlated with platelet counts
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Fig. 3 Plasma and serum Plasma Plasma
concentrations of VEGF and
TGF-B; as quantified by ELISA I S —_
(serum samples are shown both 1507 400001
unadjusted and after adjustment _
for platelet counts) for cystic £ E
fibrosis patients (CF) and > 2
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significant; * p < 0.05; **
p <0.01
CF Control CF Control
Serum Serum
*
A
600 100000
E 400 E 800001
2 2 60000+
E —
o f‘ 40000+
g 2004 [0)
- £ 20000+
0- 0-
CF Control CF Control
Serum-Adjusted Serum-Adjusted
NS NS
2.0 400 I—I

[VEGF]
pgi0® Pt

CF

Isolated CF Platelets Release Less TGF-f,
and VEGF During Aggregation

Platelets from CF patients released less TGF-f; and VEGF
after collagen-stimulated maximal aggregation compared
with healthy controls (Fig. 4). This occurred despite max-
imal aggregation being slightly increased in the CF group
(76.6 £ 13.5 vs. 69.1 &+ 9.3 % of maximal, CF vs. controls,
mean £ SD, p = 0.04). Platelet VEGF and TGF-f3; were
not correlated with use of steroids (p = 0.29 and 0.19,
respectively).

TGF-B; Release: CF: 121+ 15 pg/10° plt, range
62-260 pg/10° plt; controls: 170 4 23 pg/10° plt, range
102-409 pg/10° plt; mean + SEM, p = 0.029.

[TGF-B]
pgi0°® Pt

CF

Control Control

VEGF Release: CF: 0.21 £ 0.05 pg/10° plt, range
0.01-0.55 pg/10° plt; controls: 0.444 0.07 pg/10° plt,
range 0.11-1.03 pg/10° plt; mean + SEM, p = 0.018.

Discussion

In the current study, we found that isolated platelets from
stable CF outpatients secreted less of the proinflammatory/
profibrotic cytokines VEGF and TGF-f; during in vitro
aggregation compared with healthy controls. This occurred
despite more pronounced aggregation in CF platelets.
These data provide further evidence for platelet defects in
CF which to date have included increased aggregability,
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Fig. 4 a Release of VEGF and
TGF-B; after collagen-
stimulated in vitro platelet
aggregation using platelet-rich .

Aggregation

Aggregation

plasma from cystic fibrosis 0.6- e | 250-
patients (CF) and healthy -
controls (Control). 8 ﬁ 8 % 2001
Concentrations were measured % g 0.4+ % ® 1504
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platelet count. Results are o S 0.2 LS
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b Representative platelet 0.0° CF Control CF Control
aggregation curves showing
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using samples from a healthy
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deflecting curves) g "":"l
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alterations in cell lipids, decreased exocytosis, and
decreased integrin binding [4, 5]. Our techniques appear
sound as blood cytokine levels, VEGF and TGF-p; release
measured during platelet aggregation, and correlation
coefficients of serum VEGF and TGF-f; with platelet
number in healthy controls are typical of those reported in
other investigations [22, 24, 32-35].

Our findings are important as a number of investigations
have implicated platelets as contributors to the lung
inflammation of CF at a level worthy of therapeutic tar-
geting [4, 11, 36]. As the profibrotic cytokine TGF-B; and
the proinflammatory and proangiogenic cytokine VEGF are
both highly expressed in platelets, it is logical to suspect
that the platelet levels of these cytokines might increase
due to systemic inflammation during their formation in
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bone marrow (since mature platelets do not have a nucleus)
and that downstream release of these two cytokines during
aggregation may be important in the pathophysiology of
CF inflammation. As others have reported, we found pla-
telet counts, maximal platelet aggregation, plasma TGF-;
and VEGF, and unadjusted serum levels of TGF-B; and
VEGEF to be higher in CF patients [5, 24]. However, when
we adjusted serum levels for platelet counts, we found no
differences between CF and healthy subjects [21]. This
differs from the situation seen in cancer patients, where the
platelet content of VEGF has also been shown to be
increased in subjects with high serum VEGF levels even
after adjustment for platelet counts [35]. While our serum
and plasma data do not directly inform on platelet behav-
ior, it is of interest that circulating (plasma) levels of these
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cytokines are elevated despite decreased platelet release
in vitro. The elevations in plasma cytokines of stable CF
patients that we and others have observed are unlikely to be
from platelet release—since plasma levels are obtained
from anticoagulated blood, since we observed less cytokine
release from isolated platelets, and as plasma cytokine
levels were not correlated with platelet counts. Notably in
our work plasma concentrations were 20-33 % of serum
concentrations of these cytokines, so baseline plasma levels
(in unaggregated blood) likely make a “contribution” to
serum levels (in ex vivo aggregated blood). Our data sug-
gest that unadjusted serum concentrations of platelet-se-
creted cytokines are unlikely to be helpful in CF as
biomarkers, whereas plasma levels may give some useful
information.

These data do not rule out a role for platelets during
acute infections in CF, but rather suggest that platelet-se-
creted TGF-B; and VEGF are unlikely to have a role in
enhancing chronic tissue inflammation in CF. Importantly,
the decreased release of VEGF and TGF-f; we observed
during aggregation of CF platelets suggests that decreased
synthesis of these cytokines occurs within platelet precur-
sors (megakaryocytes) in the bone marrow, despite the
systemic inflammation often seen in CF. These expression
of these two cytokines typically increase in most cell lines
after inflammatory stimuli.

Our study has limitations. We tested stable CF outpa-
tients, so we cannot be sure that platelet cytokine release is
the same during exacerbations or hospitalizations. We did
not assess sputum samples for chronic colonization with
pseudomonas or other bacteria that could increase the level
of inflammation in CF patients. We did not test blood WBC
counts to assess whether they were correlated with blood
cytokine levels, but we did verify that WBC contamination
of platelet suspensions was minimal, and other investiga-
tions have shown that blood WBC counts do not typically
correlate with these cytokine levels in health or disease
[35, 37-39], whereas serum levels of TGF-f; and VEGF
do typically correlate with platelet counts [32].

In conclusion, elevated serum levels of VEGF and TGF-
By in CF appear to be artifacts of the increased platelet
numbers typical of chronic inflammatory illnesses, whereas
increased plasma levels of these cytokines may be a useful
biomarker of inflammation in CF. Decreased release of
these cytokines from CF platelets provides further evidence
for platelet abnormalities in CF and underscores that more
research is needed to better understand the platelet secre-
tome in CF. Whether such platelet defects are due to direct
effects of CFTR dysfunction or indirect effects of chronic
inflammation and infection all warrant further study.
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