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Abstract

Plasma gelsolin (pGSN) is the secreted isoform of an intracellular actin remodeling protein

found in high concentrations in human plasma. Clinical studies demonstrate reduced pGSN
concentrations in several disease states, including severe trauma, burns, and sepsis. Markedly
decreased pGSN concentrations in these conditions precede and predict adverse clinical outcomes.
In this study, we measured pGSN in patients with chronic granulomatous disease (CGD), a
primary immunodeficiency characterized by recurrent infections and dysregulated inflammation.
pGSN was quantified using a sandwich ELISA in plasma from healthy volunteers, clinically
stable CGD patients, and X-linked CGD carriers and in sera from 12 CGD patients undergoing
bone marrow transplantation. pGSN was also quantified in healthy volunteers challenged with
intravenous endotoxin. pGSN concentrations were lower in CGD patients without active infection
or systemic inflammation compared with healthy control subjects. In CGD patients undergoing
bone marrow transplantation, pGSN concentrations increased significantly following successful
transplant. X-linked carriers of CGD had normal pGSN. Despite reduction of pGSN in CGD
patients, we did not detect significant changes in pGSN over 24 h following challenge of healthy
volunteers with intravenous endotoxin (4 ng/kg) that elicited a febrile response. We describe, for
the first time, significantly lower pGSN in clinically stable patients with CGD compared with age-
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and sex-matched healthy volunteers. Low pGSN levels in CGD patients significantly increased
following bone marrow transplantation. X-linked carriers of CGD had normal pGSN. In healthy
volunteers challenged with intravenous endotoxin, pGSN is not an acute phase reactant.
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INTRODUCTION

Gelsolin is an intracellular actin remodeling protein involved in the regulation of

cellular architecture, phagocytosis, and apoptosis. Factors influencing the actin-binding
properties of cytoplasmic gelsolin include cytosolic pH, lysophosphatidic acid, Ca2*, and
phosphatidylinositol 4,5-bisphosphate [1, 2]. There also exists an extracellular isoform

of gelsolin secreted into plasma called plasma gelsolin (pGSN). These two isoforms are
encoded by the same gene with pGSN resulting from a splice variant adding a 24 residue
N-terminal extension with no recognized molecular motifs and the presence of a disulfide
bond in the main coding sequence that enhances extracellular stability [2]. Gelsolin is
ubiquitously expressed in a vast array of tissues; however, skeletal, cardiac, and smooth
muscle are the main sources of pGSN in the bloodstream [3, 4]. The regulation and
physiological effects of circulating pGSN on human health are active areas of investigation.

Until recently, research on pGSN function has been focused on its role in the extracellular
actin scavenger system that clears circulating actin leaked from damaged cells [5-7].
Through the sequestering of pro-inflammatory actin, pGSN is thought to help localize
inflammation to sites of infection and dampen systemic inflammatory responses. pGSN is
also capable of binding other bioactive ligands including lysophosphatidic acid, sphingosine
1-phosphate, fibronectin and platelet activating factor, as well as cell wall constituents of
Gram-negative and Gram-positive bacteria [8-10]. These findings suggest that pGSN may
act as a broad-spectrum anti-inflammatory buffer. As such, profound and prolonged pGSN
depletion may result in excessive, and possibly deleterious, promulgation of inflammatory
signals.

Apart from studies on pGSN functionality /n vitro, clinical studies have demonstrated low
pGSN concentrations in a variety of medical conditions, including major trauma, burns, and
septic shock. In these conditions, a precipitous drop in circulating pGSN has been associated
with adverse medical outcomes including changes in lung permeability and death [11-18].
In patients admitted to the intensive care unit because of trauma, pGSN concentrations at
presentation were about 2 standard deviations below the mean of the control group and
were associated with prolonged mechanical ventilation, development of acute respiratory
distress syndrome, and an increased risk of mortality [11]. In burn patients, lower pGSN
was associated with larger burn sizes and correlated with development of multiple organ
dysfunction syndrome and enhanced burn- and sepsis-associated mortality [12, 13]. Several
studies in preclinical animal models have demonstrated that repletion with recombinant

Inflammation. Author manuscript; available in PMC 2024 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Audley et al.

Page 3

human (rhu)-pGSN can significantly improve survival, suggesting that pGSN administration
may be a viable therapeutic intervention [19-21].

In this study, we measured pGSN in patients with CGD, a primary immunodeficiency
caused by mutations in genes encoding one of the five subunits of the phagocyte-derived
NADPH oxidase (NOX2), including p22PhoX, p40Phox  pa7phox ng7phox (aytosomal CGD),
or gp91PoX (X-linked CGD). In patients with CGD, production of superoxide anion and
other reactive oxygen species (ROS) by phagocytic cells and B lymphocytes is impaired,
resulting in granulomatous inflammation and recurrent infections [22]. Although NOX2
function is deficient in all CGD patients, residual NOX2 activity ranges from 0.1 to

27.0% of normal. Survival of patients with CGD is positively associated with residual ROS
production as a continuous variable, independent of genotype [23]. X-linked CGD carriers
with variable degrees of X chromosome inactivation (lyonization) also exhibit a spectrum
of ratios of abnormal to normal cells with intact NOX2 function [24]. We assessed pGSN
in healthy volunteers, CGD patients (gp91P"°% and p47P"%X), X-linked CGD carriers, and
CGD patients undergoing bone marrow transplantation. Additionally, pPGSN was quantified
in serial plasma samples from healthy volunteers following challenge with intravenous
endotoxin.

METHODS

Research Subjects

Plasma was obtained following informed consent from patients (/7= 19 for p47Ph°X CGD,
n= 22 for gp91PhoX CGD, and /7= 41 for X-linked CGD carriers) and healthy volunteers
(n=>54) enrolled in a NIH Institutional Review Board (IRB)-approved protocol (10-1-0029)
conducted at the NIH Clinical Center. At the time of study, the CGD patients were clinically
stable with no evidence of active infection or active inflammation such as inflammatory
bowel disease. Except for studies of bone marrow transplantation described below, subjects
were free of clinically apparent infections or clinically active granulomatous processes,

such as active inflammatory bowel disease although clinically stable CGD patients routinely
have evidence of chronic inflammation with increased C-reactive protein [25]. Patients
were over 18 years of age with either a clinical diagnosis of CGD, characterized by
gp91Phox or p47Phox deficiency, or identified as X-linked CGD carriers [24]. Of 41

CGD patients in this study, 1 was taking prophylactic interferon gamma (IFN-7), 16

were taking prophylactic itraconazole, 31 were taking prophylactic Bactrim, and 12 were
receiving corticosteroids. Additional studies of CGD subjects were performed on preand
post-transplant serum samples from patients enrolled after informed consent in a study of
bone marrow transplantation to treat CGD [25].

Clinical center reference endotoxin (GMP endotoxin prepared from £. co/i 0113 by List
Biological Laboratories, Inc., Campbell, CA) was administered after informed consent to
healthy subjects enrolled in an IRB-approved protocol (Pro00070829 at Duke University)
[26]. Results from the highest dose of a dose escalation trial (4 ng/kg V) are reported
along with the pGSN levels quantified from plasma collected at the indicated times post-
administration of endotoxin.
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Quantification of pGSN

Blood collected after informed consent was either allowed to clot for serum preparation

or anticoagulated with heparin for the preparation of plasma then stored at — 80 °C

until analysis. pGSN was quantified on thawed specimens using a custom sandwich

ELISA developed by BioAegis Therapeutics, Inc. A 96-well Nunc-Immuno Microwell plate
(Thermo Scientific) was incubated overnight with a monoclonal antibody specific to the
N-terminal region of plasma gelsolin (BioAegis Therapeutics, Inc.) at a concentration of

2 ug/ml in 0.05 M carbonate-bicarbonate buffer, pH 9.6. Following overnight incubation,
the plate was washed with PBST (phosphate buffer saline with 0.05% Tween-20, Sigma)
and blocked with 3% BSA (bovine serum albumin, Sigma) in PBS for 1 h. Patient samples
or recombinant human plasma gelsolin standard (rhu-pGSN, BioAegis Therapeutics, Inc.)
were diluted 1:1000 in assay buffer consisting of 0.4 pg/ml anti-gelsolin antibody (Sigma,
Clone 2C4) and HRP-conjugated anti-mouse 1gG (Thermo Scientific) in PBST. One hundred
microliters of diluted patient samples and the rhu-pGSN standard were added to the plate
and incubated for 30 min at room temperature. The plate was washed 5 times with

PBST and the amount of bound HRP-conjugated anti-mouse 1gG antibody was detected

by addition of TMB color reagent (Invitrogen). After approximately 2 min, 0.2 N H,SO4
was added to stop the reaction and the absorbance was measured at 450 nm with 600-nm
correction using a multimode plate reader (Varioskan™ Lux, Thermo Scientific). pGSN
concentrations were calculated from the rhu-pGSN standard curve after 4-parameter curve
fitting using GraphPad Prism (version 8.2.0).

Quantitative Analysis of Superoxide Generation

Residual superoxide production by polymorphonuclear (PMN) cells of patients with CGD
was quantified using superoxide dismutase-inhibitable ferricytochrome Creduction as
previously described [27].

Determination of Degree of X Chromosome Lyonization in CGD Carriers

NADPH oxidase activity of individual cells in X-linked CGD carriers was measured by flow
cytometry of dihydrorhodamine 123 (DHR) staining as previously described [27]. Percent
DHR-positive cells were used to determine degree of lyonization.

Statistical Methods

The data are expressed as mean * standard deviation and specific statistical analyses are
described in the “Results”.

RESULTS
pGSN is Lower in CGD

To avoid the potential influence of active inflammatory processes, clinically well patients
with CGD were analyzed. C-reactive protein was elevated in these patients (8.9 + 10.1 mg/I
for 41 CGD subjects vs. 2.4 + 3.8 mg/l for 25 healthy subjects, p< 0.001). In healthy
volunteers (7= 54), there was no difference in pGSN between males and females (53.7 =
15.3 pg/ml for male volunteers vs. 52.4 + 16.7 pg/ml for female volunteers, p> 0.9999).
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No statistically significant correlation between age and pGSN was observed, although there
was a trend toward higher concentrations in older subjects (Spearman rho = 0.2474, p=
0.0611). CGD patients had significantly lower pGSN concentrations compared with healthy
volunteers (52.5 + 16.3 pg/ml for healthy volunteers vs. 33.2 + 8.3 pg/ml for gp91Phox-
deficient CGD (1= 22) (p<0.0001) and 40.1 + 10.1 pg/ml for p47P"X_deficient CGD (n
=19, p=0.0076) (Fig. 1)). There was no significant difference in pGSN concentrations
between gp91P"°X and p47Phox CGD genotypes (p = 0.4883) (Fig. 1). As with the control
group, no significant correlation was detected for pGSN and age in the CGD cohort across
an age range of 18 to 48 (Spearman rho = 0.1342, p=0.4027). There was an insufficient
number of p47PhoX CGD patients to assess differences between males (7= 9) and females (1
= 10). Patients with CGD frequently receive itraconazole, Bactrim or interferon prophylaxis,
and corticosteroids for treatment of granulomatous processes. Of the 41 CGD patients,
neither itraconazole nor Bactrim prophylaxis had any effect on pGSN (35.2 + 7.1 pg/ml for
16 patients on itraconazole, 35.97 ug/ml + 9.86 for 31 patients on Bactrim vs. 37.7 £ 11.3
pg/ml for patients on neither agent, p > 0.24 for each comparison). Only one CGD patient
was on IFN-y with a pGSN level of 30.54 pg/ml for that patient. Twelve patients were
receiving corticosteroids at the time of study and pGSN from those patients was no different
from 29 patients not receiving corticosteroids (32.96 + 7.32 pg/ml vs. 38.48 + 9.98 ug/ml, p
=0.115).

Among CGD patients, the amount of residual superoxide production has been correlated
with favorable clinical outcomes [23]. CGD patients with p47Ph% mutations generally
have greater residual neutrophil superoxide production than those with gp91P"°X mutations.
Therefore, we investigated whether there was a correlation between residual superoxide
production by neutrophils and pGSN levels for the CGD patients in gp91Pho% and p47Phox
patients in our study and found a significant correlation (Spearman rho = 0.4273, p=
0.0053) (Fig. 2a). In contrast, pGSN concentrations in carriers of X-linked CGD (n=41)
were statistically indistinguishable from those of healthy volunteers (52.5 + 16.3 ug/ml for
healthy volunteers vs. 53.4 + 15.1 pg/ml for X-linked CGD carriers, p> 0.9999) (Fig. 1).
pGSN did not correlate to the degree of lyonization of the X chromosome as measured by
neutrophil DHR reduction (Spearman rho = 0.2479, p = 0.1449) (Fig. 2b).

Effect of Intravenous Endotoxin on pGSN in Healthy Volunteers

Given previous reports as well as the observed lower concentrations of pGSN measured in
patients with CGD, we hypothesized that pPGSN may be a negative acute phase reactant
or biomarker of chronic inflammation. To assess this possibility, we measured pGSN in
healthy volunteers receiving experimental intravenous endotoxin to induce an acute phase
response. As expected, intravenous endotoxin (4 ng/kg) resulted in a transient febrile
response with temperature peaking at 2% h and returning to baseline by 24 h (Fig. 3).

The peak temperature response was preceded by a peak in TNFa at 1-1% h. Despite the
rapid induction of the acute phase response, we did not detect significant changes in the
concentration of circulating pGSN over 24 h of observation.
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pGSN Following Bone Marrow Transplantation in CGD

Bone marrow transplantation in CGD can correct the hematopoietic defect resulting in a
decrease in rates of infection [25]. pGSN concentrations were measured in sera from twelve
patients with CGD before and 100 days to 1.5 years after bone marrow transplantation

(Fig. 4). Of the 12 CGD patients assessed, 6 patients had serious culture-proven active
infections pre-transplantation, 1 had a probable infection of the lung based on clinical course
and pulmonary infiltrates, 2 had no infections but had active colitis, and the remaining 3

had no infection pretransplantation. Among the 6 patients with pre-transplant infections,

3 patients had Nocardia of the lungs or bones, and 1 patient had Aspergillus nidulans

of the lung. The two patients who died had Pyrenochaeta romeroi or Phellinus igniarius
infection 27 and 91 days post-transplantation and had the lowest pGSN levels both pre- and
post-transplantation. Patients with active infection pre-transplantation tended to have lower
pGSN concentrations than those without recognized infections, although the limited data did
not reach significance (p=0.2677, Mann-Whitney U'test) (Fig. 4). pGSN increased in each
of the 10 post-transplant patients who survived (36.1 £ 11.0 pug/ml for pre-transplant vs. 53.5
+ 9.20 pg/ml for post-transplant, p=0.001). The concentrations of pGSN in the sera from
10 CGD patients post-transplant did not differ significantly from healthy volunteer sera (o=
0.1645, Mann-Whitney U'test).

DISCUSSION

Here, we report for the first time that patients with CGD have lower circulating pGSN
concentrations than healthy volunteers. CGD is a disorder associated with potentially lethal
infections, requiring prophylactic antimicrobials to prevent those infections, as well as a
disease of episodic and chronic inflammation [22]. Lower pGSN concentrations correlated
with residual NADPH oxidase activity in neutrophils of patients with CGD; however, there
was no correlation between pGSN and the degree of lyonization in the X-linked CGD
carriers. The correlation of pGSN with residual superoxide in CGD but not carriers suggests
reduced pGSN is not directly due to low ROS in CGD but reflects chronic infection or
inflammation characteristic of this disease.

In our study of healthy volunteers, pGSN did not change following intravenous endotoxin,
although temperature and TNFa increased dramatically as expected. Our observations with
endotoxin in human volunteers using a small intravenous dose of endotoxin (4 ng/kg)
contrast with studies in a mouse model where after intraperitoneal challenge with a lethal
dose of endotoxin (25 mg/kg), pGSN dropped to less than 50% of normal within 6 h and
remained depressed for more than 24 h [19].

In addition to the cohort of clinically stable patients with CGD, we also measured pGSN
in patients with CGD who experienced severe complications requiring bone marrow
transplantation. All patients who survived greater than 3 months post-transplant had
significantly increased pGSN concentrations that were statistically indistinguishable from
normal subjects. The association of low pGSN in infected patients with CGD before bone
marrow transplantation and high mortality post-transplantation is intriguing and suggests
that a future study of rhu-pGSN administration in this difficult clinical setting may be
beneficial.
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Fig. 1.
Plasma gelsolin levels in stable patients with CGD and carriers of X-linked CGD. Each

point represents the mean of 4 independent ELISA measurements in each subject (7= 19
for p47PhoX CGD, 1= 22 for gp91PNOX CGD, 1= 41 for X-linked CGD carriers, and 7=
54 for healthy volunteers). Bars denote mean + SD of each patient population. Statistical
significance was tested with a Kruskal-Wallis test with Dunn’s correction for multiple
comparisons.
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Fig. 2.

Spgearman correlation analysis of pGSN concentrations and (a) CGD residual reactive
oxygen species production or (b) lyonization of X-linked carriers. a Residual reactive
oxygen species production was quantified by ferricytochrome Creduction for each patient
and plotted against the corresponding pGSN value. b Lyonization in X-linked CGD carriers
was quantified by dihydrorhodamine (DHR) oxidation and plotted against the corresponding
pGSN value. A Spearman correlation analysis was performed for both populations and a line
of best fit was only plotted for significant correlations.
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administration of endotoxin (4 ng/kg), plasma was collected from volunteers at the indicated
time points. Temperature (top panel), TNFa (middle panel), and pGSN (bottom panel) are

expressed as means * SD.
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Fig. 4.

pGgSN levels in pre- and post-bone marrow transplant CGD serum. Each point represents

the mean of 4 independent ELISA measurements in each subject. Patient clinical status

is indicated. All post-transplantation samples were collected after 3 months post-transplant
except for the deceased patients who died earlier (see text). Statistical significance of pre-
and post-transplantation pGSN was tested with a Wilcoxon matched-pairs signed rank test
and samples from the deceased patients were excluded from statistical analysis. CGD,
chronic granulomatous disease; hsCRP, high sensitivity C-reactive protein; IFN-vy, interferon
gamma; pGSN, plasma gelsolin.
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