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Summary
The enzyme Arylsulfatase B (ARSB; N-acetylgalactosamine-4-sulfatase) removes 4-sulfate
groups from chondroitin-4-sulfate and dermatan sulfate and is required for the degradation of
these sulfated glycosaminoglycans (GAGs). Since these GAGs accumulate in patients with Cystic
Fibrosis (CF), we investigated the activity of ARSB in leukocytes of patients with CF, to consider
if reduced activity of ARSB might contribute to the pathophysiology of CF. Previous cell-based
experiments had demonstrated that when the deficiency of the cystic fibrosis transmembrane
regulator (CFTR) was corrected in bronchial epithelial cells, the ARSB activity increased
significantly. De-identified, citrated blood samples were collected from 16 children with cystic
fibrosis and 31 control subjects, seen in the Pediatric Clinic at Rush University Medical Center.
Polymorphonuclear (PMN) and mononuclear cell (MC) populations were separated by density
gradient, and blinded determinations of ARSB activity were performed using the exogenous
substrate 4-methylumbilliferyl sulfate. Interleukin-6 was measured in the plasma samples by
ELISA. ARSB activity was significantly less in the PMN and MC from the CF patients than
controls (p<0.0001, unpaired t-test, two-tailed). Interleukin-6 levels in plasma were significantly
greater in the CF population (p<0.001). Mean age, age range, and male:female ratio of CF patients
and controls were similar, and no association of ARSB activity with age, gender, or CFTR
genotype was evident. Since recombinant human ARSB is used successfully for replacement
therapy in Mucopolysaccharidosis VI, it may be useful to restore ARSB activity to normal levels
and increase degradation of sulfated GAGs in CF patients.

Introduction
In patients with cystic fibrosis (CF), defective cystic fibrosis transmembrane conductance
regulator (CFTR) impairs chloride transport across the apical surface of epithelial cells.
Since the discovery of the CF gene in 1989, more than 1875 mutations have been reported in
CFTR, but CFTR gene replacement therapy has not emerged as a viable therapeutic option
[1,2]. Prior to determination of CFTR mutations as the cause of CF, CF was often
considered in relation to the Mucopolysaccharidosis (lysosomal storage diseases), due to
consistent observations of increased sulfated glycoconjugates in cells and secretions of CF
patients [3,4]. Findings included accumulation of dermatan sulfate and chondroitin sulfate in
cultured skin fibroblasts of CF patients [5]. Both dermatan sulfate (DS) and chondroitin-4-
sulfate (C4S) are sulfated glycosaminoglycans (sGAG) that are metabolized by
Arylsulfatase B (ARSB; N-acetylgalactosamine 4-sulfatase), which removes the sulfate
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group from C4 of the N-acetylgalactosamine-4-sulfate residue at the non-reducing end and
is required for GAG degradation [6]. Previously, we hypothesized that ARSB deficiency had
a critical role in the clinical manifestations of CF [7], and demonstrated that correction of
defective CFTR leads to increased ARSB activity in cultured bronchial epithelial cells [8],
and that reduced secretion of IL-8 and impaired neutrophil migration follow ARSB silencing
in human bronchial epithelial cells [9].

ARSB is a member of the highly conserved family of sulfatase enzymes and can regulate the
degradation of C4S and DS [10,11]. Experiments with CF cell lines demonstrated that
ARSB activity was ~40% higher when defective CFTR was repaired by successful
transfection [8]. Following silencing of ARSB in bronchial epithelial cells, the cellular
content of sGAG and of chondroitin-4-sulfate was significantly increased, consistent with
profound impact of ARSB on the sGAG abundance [9,12]. Other imaging and activity
studies have demonstrated that ARSB is not only a lysosomal enzyme, but also localizes to
the cell membrane [9,13-17]. ARSB requires post-translational modification for activity,
with a conserved cysteine residue (C91) converting to a formylglycine (oxo-alanine)
derivative to properly configure the active site [18]. Mucopolysaccharidosis VI or
Maroteaux-Lamy-Syndrome, which arises from congenital deficiency of functional ARSB is
being successfully treated with ARSB replacement therapy [19-21].

ARSB activity was observed to be deficient in lymphoid cell lines from two patients with
CF in the 1970s [22], and investigators in Italy reported that ARSB activity was reduced in
whole blood samples of 57 children with CF, compared to 181 control samples [23]. In this
report, we present precise measurements of ARSB activity in the polymorphonuclear
leukocytes and mononuclear cells of children with cystic fibrosis, compared to control
subjects, including healthy controls, controls with asthma, and controls with other
conditions.

Methods
Recruitment of study participants

Study participants were enrolled from the Out-Patient Pediatric clinics at Rush University
Medical Center. Study enrollment procedures were approved by the Institutional Review
Boards of Rush University Medical Center (RUMC) and the University of Illinois at
Chicago (UIC). Cystic fibrosis patients were 2-17 years of age and were followed in the
Rush Cystic Fibrosis Center Out-Patient clinic at Rush University. Patients 8 years and
above signed assent forms, and parents of all subjects signed consent forms, permitting
collection of peripheral blood samples. Control subjects included children with known
underlying diagnoses and children with no known illness. Patients with acute asthmatic
episodes or acute inflammatory conditions were excluded from participation. Venous blood
was collected in citrated tubes and processed within two hours of collection. Blood samples
were labeled with a numerical code that did not distinguish CF patients from control
subjects. A registry linking patient identifiers with blood sample codes was developed, and
relevant clinic information was collected from the patient charts, on-line CF database
(PortCF), and incorporated into the study database.

Separation of leukocytes on gradient
Polymorphonuclear (PMN) and mononuclear (MC) white blood cells were separated from
whole blood using the Polymorphprep™ kit (AXIS-SHIELD, Oslo, Norway). Each 2 ml
citrated whole blood sample was carefully layered over 2 ml of Polymorphprep solution in a
5 ml centrifuge tube. Tubes were centrifuged at 500g at 25°C for 40 minutes. The blood
components separated by density, with plasma at the top, then the mononuclear cells (MC),
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including monocytes and lymphocytes, then polymorphonuclear leukocytes (PMN), and
with red blood cells at the bottom of the tube. The MC and PMN fractions were collected
separately from the two distinct bands between plasma and RBCs. In four of the CF patients,
distinct bands were not identified, so a single leukocyte sample was analyzed. Hepes-
buffered saline (0.85% NaCl 10 mM pH 7.4) was diluted 50% with water and added to an
equal volume of PMN and of MC, and centrifuged at 500g at 25°C for 20 minutes. The
pellets of PMN and MC were then resuspended in 3 ml of RBC lysis buffer at 37°C for 7
minutes with occasional shaking to remove residual erythrocyte contamination. The purified
PMN and MC were harvested and stored at -80°C until further analysis.

Measurement of Arylsulfatase B Activity
Blinded analysis of arylsulfatase B (ARSB) activity was determined by a fluorometric assay,
following a standard protocol, using 20 μl of cell homogenate, 80 μl of assay buffer (0.05 M
Na-acetate buffer, pH 5.6), and 100 μl of substrate [5 mM 4-methylumbilliferyl sulfate
(MUS)] in assay buffer) combined in a microplate well, as reported previously [8,24]. The
microplate was incubated for 30 min at 37°C, and the reaction was stopped by adding 150 μl
of stop buffer (glycine–carbonate buffer, pH 10.7). Fluorescence was measured at 360 nm
(excitation) and 465 nm (emission). Activity (expressed as nmol/mg protein/hour) was
derived from a standard curve for prepared with known quantities of 4-methylumbilliferyl at
pH 5.6.

Measurement of Interleukin-6 by ELISA
The concentration of Interleukin (IL)-6 in the plasma samples was measured by using the
Quantikine ELISA kit for human IL-6 (R&D Systems, Minneapolis, MN). The IL-6 in the
samples was captured into the wells of a microtiter plate pre-coated with specific anti-IL-6
monoclonal antibody. Immobilized IL-6 was then detected by a biotinylated second
antibody and streptavidin-horseradish peroxidase (HRP)-conjugate with the use of the
chromogenic substrate hydrogen peroxide/tetramethylbenzidine (TMB). Color intensity was
read at 450 nm with a reference filter of 570 nm in an ELISA plate reader (FLUOstar, BMG
LABTECH, Inc., Cary, NC). The IL-6 concentrations were extrapolated from a standard
curve plotted by using known concentrations of IL-6, and are expressed as picograms per
milliliter plasma (pg/ml).

Experiments in normal human bronchial/tracheal epithelial cells
Primary, normal human bronchial/tracheal epithelial cells were obtained [Clonetics® NHBE
with retinoic acid, Lonza, Walkersville, MD] and grown in the recommended bronchial
epithelial cell growth media (BEGM®, Lonza) following established procedures [9,13].
When cells reached 80% confluence, they were harvested with ReagentPack Subculture
Reagents™ (Lonza) and sub-cultured. Cells were transfected with small interfering (si)
RNA for ARSB (150 ng; 0.6 μl; Qiagen, Valencia, CA) or by control siRNA in 100 μl
serum-free culture medium and 12 μl of HiPerfect Transfection Reagent (Qiagen) for 24
hours, as previously detailed [9,12]. Effective knockdown was confirmed by Western blot
and by ARSB activity assay which indicated decline of ~81%. For ARSB silencing, the
siRNA sequences were:

Sense: 5′- GGGUAUGGUCUCUAGGCAtt - 3′

Antisense: 5′- UUGCCUAGAGACCAUACCCtt - 3′

For the negative control, the siRNA sequences were:

Sense: 5′- UUCUCCGAACGUGUCACGUtt - 3′

Antisense: 5′- ACGUGACACGUUCGGAGAAtt -3′
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Spent media were collected for IL-6 determinations to be performed by ELISA, as described
above. Chondroitin-4-sulfate (C4S) was measured in control, control siRNA- and ARSB
siRNA-treated cell lysates by sulfated GAG assay (Blyscan™, Biocolor Ltd,
Newtownabbey, Northern Ireland), using labeled 1,9-dimethylmethylene blue, as previously
reported [9,12,13,25]. Antibody to native chondroitin-4-sulfate (Abnova, Walnut, CA) at a
concentration of 1 μg/mg cell protein was added to the cell lysates in tubes, and the tubes
were rotated overnight in a shaker at 4°C, and processed as previously reported [9,12,13].
Pre-washed Protein L-Agarose beads (100 μl; SCBT, Santa Cruz, CA) were added to each
tube, and the tubes were incubated overnight at 4°C. The beads were washed three times
with PBS containing Protease Inhibitor Cocktail, and the precipitate was eluted with dye-
free elution buffer and subjected to the Blyscan assay in the presence of excess unbound
dye. The cationic dye and GAG at acid pH produced an insoluble dye-GAG complex, and
the GAG content was determined by the amount of dye that is recovered from the test
sample following exposure to Blyscan Dissociation Reagent. Absorbance maximum of 1,9-
dimethylmethylene blue is 656 nm. Concentration is expressed as μg / mg protein of cell
lysate. Dye-GAG complex is proportional (1:1) to the sulfate content for C4S.

Statistical analysis
Study data were compiled using coded identifiers, then stratified by case or control
following linkage to the clinical data file, while maintaining confidentiality of subject
identity. Measurements are presented as mean ± standard deviation (S.D.). Statistical
significance of differences between CF patients and controls was determined using unpaired
t-tests, two-tail (Instat3, GraphPad Software, San Diego, CA), unless stated otherwise. In
figures and tables, **** indicates p<0.0001, *** indicates p≤0.001, ** p≤0.01 and * p≤0.05.

Results
Patient characteristics

Sixteen patients with cystic fibrosis (CF), ranging in ages from 6.5 -17.5 years with mean
age 12.4 (± 4.0) were enrolled. Thirty-one control subjects, including 11 healthy controls, 10
patients with bronchial asthma, and 10 non-asthmatic patients with other medical diagnoses,
and ranging in age from 3.5 -17 years with mean age of 10.8 (± 4.3), were enrolled.
Summary data for age and gender are presented in Table 1. Differences in mean age were
not significant.

Arylsulfatase B activity in CF patients and controls
Arylsulfatase B (ARSB) activity was determined in the polymorphonuclear cells (PMN) and
the mononuclear cells (MC) of the CF patients and the control subjects. In four CF patients,
separate determinations of PMN and MC ARSB activity could not be performed, and a
single WBC value is reported. Table 2 presents the ARSB data, the CFTR genotypes of the
CF patients, and the status of the control subjects (no diagnosis, diagnosis of asthma, or
diagnosis of other medical condition).

No differences in ARSB activity for the PMN or the MC were present in relation to age
(Fig. 1A, 1B) or gender (Fig. 1C, 1D), for the study participants, including the CF patients
and the control subjects. No association between ARSB activity and specific genotype was
apparent for the CF patients.

Mean ARSB activity was significantly less in the CF patients than in the total control
subjects for both PMN and MC (p<0.001) (Table 3). In the controls, including the no disease
controls (n=11), the asthmatic controls (n=10), and the other disease controls (n=10), ARSB
activity in the PMNs was significantly higher than in the CF patients (p<0.001). The CF
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patients all had PMN ARSB activity less than 61 nmol/mg protein/hr, and the non-asthmatic
controls all had PMN ARSB activity greater than 66 nmol/mg protein/hr (Fig. 2A).

In the control subjects, mean ARSB activity in the PMN was significantly higher than in the
MC (p<0.001 all controls, no disease, and other disease, and p<0.01 for asthma controls)
(Fig. 2B). In contrast, in the CF patients, there was no difference between the mean ARSB
activity in PMN (51.9 ± 5.5 nmol/mg protein/h) vs. the MC (51.3 ± 4.3 nmol/mg protein/h)
in the twelve samples in which distinct fractions were obtained. For the non-asthmatic
controls, PMN ARSB activity was higher than MC ARSB activity for each of the subjects
(Table 2).

Arylsulfatase B activity in asthma controls
The ARSB activity in the MC of the asthmatic patients was significantly reduced in
comparison to the no disease and other disease controls (Table 3) (p<0.01). Also, in contrast
to the finding in the non-asthmatic controls, in some of the asthmatic patients, the ARSB
activity in the PMN was not greater than in the MC, although the mean PMN ARSB activity
in the group of asthmatic patients was significantly higher than the MC ARSB activity (Fig.
2B) (p<0.01).

Plasma Interleukin-6 Activity in CF patients and controls
Plasma Interleukin (IL)-6 activity was markedly increased in the CF patients, compared to
both the non-asthmatic and asthmatic controls (p<0.001) (Fig. 3A, Table 4). The IL-6
activity in the asthmatic subjects was also increased, relative to the non-asthmatic controls.

Consistent with this finding, in experiments with primary human bronchial epithelial cells in
cell culture, when ARSB was silenced by small interfering (si) RNA, the IL-6 that was
released into the media increased significantly (Fig. 3B), compared to media from untreated
cells or cells treated with control siRNA. In these cell-based experiments, ARSB activity
declined ~80%, with an associated increase to ~2.3 times the baseline level of chondroitin-4-
sulfate, as previously reported [9,25].

Discussion
The enzyme ARSB is emerging as an important enzyme in regulation of vital cellular
functions, due to its regulation of sulfation and degradation of chondroitin-4-sulfate (C4S).
By increasing the sulfate content of the C4S and inhibiting C4S degradation, ARSB
deficiency can affect the C4S binding with Interleukin-8, and thereby the secretion of IL-8
[9]. IL-8 establishes a chemotactic gradient for neutrophils, so increased cellular
sequestration and reduced secretion of IL-8 when ARSB activity is reduced, may lead to
increased neutrophil adherence to the bronchial epithelium, such as associated with biofilm
formation [26,27]. Hence, ARSB deficiency may contribute to both the accumulation of
sulfated GAGs in the tissues and secretions of patients with CF and to impaired neutrophil
responsiveness due to reduced IL-8 secretion, consistent with an important role in mediating
the pathophysiology of CF. Also, since Pseudomonas has sulfatase activity [28], the increase
in sulfated GAGs due to ARSB deficiency may provide an enriched environment for
Pseudomonas growth, consistent with the proclivity of CF patients to have persistent
Pseudomonas colonization.

The findings of this report present clear evidence that ARSB activity is reduced in the PMN
and MC of patients with CF, compared to controls. The decline of ARSB activity in the
PMN is greater than in the MC, and the mean PMN ARSB activity is equivalent to the mean
MC ARSB activity in the CF patients. In contrast, in the controls, the mean PMN ARSB
activity is significantly greater than the mean MC ARSB activity. Unexpectedly, study
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results also demonstrated reduced ARSB activity in the leukocytes of patients with asthma,
compared to the no disease and other diagnosis controls. The decline in ARSB activity in the
asthmatic subjects is more significant in their MC than in the PMNs. Also, plasma IL-6 level
was increased in the CF patients to seven times the level of the controls, and in the asthmatic
patients to 3.6 times the level in the non-asthmatic control subjects. The finding of increased
IL-6 in cultured primary bronchial/tracheal epithelial cells when ARSB is silenced supports
this observed clinical association between reduced ARSB activity and increased IL-6.

Since chondroitin-4-sulfation impacts upon the attachment of plasmodia in the placenta and
in the microcirculation [29,30], and ARSB is required for removal of sulfate groups and the
degradation of C4S, we hypothesize that other cellular mechanisms may have evolved to
regulate the critically important ARSB activity. Mutations in the CFTR gene affect the
regulation of chloride secretion, and the CFTR mutations associated with CF generally lead
to a non-functional CFTR in which the mutated protein is either unable to be translocated to
its correct position on the cell membrane or when localized at the cell membrane is unable to
properly regulate the chloride channel [31,32]. It is pertinent that the sulfatase modifying
factor (SUMF) [also known as the formylglycine modifying enzyme (FGE)] is an
endoplasmic reticulum enzyme that is required for the formylglycine (oxo-alanine)
modification of ARSB, and of other sulfatases, and is essential for their biological activity.
The SUMF has a halide binding cleft that appears to influence its reactivity [33]. This
suggests a potential site of interaction between CFTR and ARSB activation, since the CFTR
effects on chloride may inhibit ARSB post-translational modification. Anionic effects on
ARSB activity are well-known, and chloride, sulfate, sulfite, and phosphate have been
reported to inhibit ARSB activity [8,34,35]. Since the etiologic association between
mutations of the CFTR and the clinical manifestations of CF is well-established by genetic
analysis, but the functional impact of defective CFTR on the specific pathophysiology that is
characteristic of CF is not well-explained, elucidation of the molecular interactions between
CFTR and SUMF and ARSB may be highly informative to our understanding of CF
pathogenesis.

Replacement therapy of deficient ARSB in CF may provide a new opportunity for effective
intervention and for improved health status of patients with CF. In MPS VI patients treated
with recombinant human ARSB, improved FEV1.0 and FVC were reported [21], suggesting
that these parameters, as well as other measures of improved health, might also improve in
patients with CF, and possibly other respiratory disorders, including asthma. Few adverse
effects of ARSB replacement therapy have occurred, encouraging our consideration and
hope that replacement therapy with ARSB will emerge as a new therapeutic option for CF.
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Figure 1. No association between ARSB activity and age or gender
A. Distribution of ARSB activity in PMN vs. age of all subjects indicates no relationship
between ARSB activity and age.
B. Distribution of ARSB activity in MC vs. age of all subjects indicates no relationship
between ARSB activity and age.
C. Distribution of ARSB activity in PMN vs. gender indicates no relationship between
ARSB activity and gender.
D. Distribution of ARSB activity in MC vs. gender indicates no relationship between ARSB
activity and gender. [ARSB=arylsulfatase B; PMN=polymorphonuclear leukocytes;
MC=mononuclear cells]
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Figure 2. Differences between ARSB Activity in PMN and MC in Control and CF Subjects
A. ARSB activity in the PMN of the CF patients is less in all cases than in the non-asthmatic
control subjects, with a break at 61 nmol/mg protein/hr. [ARSB=arylsulfatase B;
PMN=polymorphonuclear leukocytes; CF=cystic fibrosis]
B. In the total controls, the no disease controls, the other disease controls, and the asthma
controls, mean ARSB activity is significantly higher in the PMN than in the MC (p<0.001,
p<0.01 for asthma). In contrast in the CF patients, no significant difference is demonstrated
between the mean PMN and mean MC ARSB activity. [ARSB=arylsulfatase B;
PMN=polymorphonuclear leukocytes; MC=mononuclear cells; CF=cystic fibrosis]
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Figure 3. IL-6 in CF patients and control subjects
A. IL-6 activity is significantly greater in the CF patients than in the asthmatic and non-
asthmatic control populations (p<0.001) with a mean value of 65.6 ± 6.3 pg/ml. In the
asthmatic patients, mean IL-6 was 17.8 ± 6.1 pg/ml, significantly greater than in the non-
asthmatic control population (p<0.001)
B. When ARSB was silenced by siRNA in bronchial epithelial cells in cell culture, marked
increase in the IL-6 secreted into the spent media was observed (p<0.001, one-way ANOVA
with Tukey-Kramer post-test), consistent with the observed increases in IL-6 in (A) when
ARSB activity is less.
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