
IL-8/CXC Ligand 8 Survives Neonatal Gastric
Digestion as a Result of Intrinsic Aspartyl

Proteinase Resistance
AKHIL MAHESHWARI, WENGE LU, WAYNE C. GUIDA, ROBERT D. CHRISTENSEN, AND

DARLENE A. CALHOUN

Division of Neonatology [A.M., W.L., R.D.C., D.A.C.], Department of Pediatrics, University of South
Florida College of Medicine and All Children’s Hospital, St. Petersburg, FL 33701’ Department of

Chemistry [W.C.G.], Eckerd College, St. Petersburg, FL 33701; and Drug Discovery Program [W.C.G.],
H. Lee Moffitt Cancer Center & Research Institute at the University of South Florida, Tampa, FL 33612

The human fetus and neonate swallow biologically significant
quantities of IL-8/CXC ligand 8 (CXCL8) in amniotic fluid and
breast milk, and this remains measurable through simulated
neonatal gastric and proximal intestinal digestions. We sought to
confirm the structural and functional integrity of IL-8/CXCL8 in
digestates and determine the mechanisms underlying this pro-
tease resistance. We observed that in comparison with BSA,
IL-8/CXCL8 is highly resistant to pepsin and can be detected
intact in assays for structural, immunologic, and functional in-
tegrity. In a computational molecular docking simulation, IL-8/
CXCL8 was observed to fit poorly in the pepsin active site. On
the basis of simulated mutation analyses, we hypothesized that

this protease resistance is due to disulfide bond–related tertiary
folding in IL-8/CXCL8. This was confirmed on chemical reduc-
tion of these groups. (Pediatr Res 57: 438–444, 2005)

Abbreviations
CXCL8, CXC ligand 8
FIRST, Floppy Inclusion and Rigid Substructure Topography
IEC, intestinal epithelial cell
PDB, protein data bank
rhIL-8/CXCL8, recombinant human IL-8/CXCL8
SGF, simulated gastric fluid
TCEP, Tris [2-carboxyethyl] phosphine hydrochloride

IL-8/CXC ligand 8 (CXCL8), the prototypal neutrophil-
specific CXC chemokine in humans, is a key mediator of acute
inflammation (1). In the developing intestine, elevated serum
and tissue IL-8/CXCL8 concentrations are associated with
inflammatory conditions such as necrotizing enterocolitis (2,3).
It seems anomalous that the human fetal/neonatal gastrointes-
tinal lumen is normally exposed to biologically significant
IL-8/CXCL8 concentrations in swallowed amniotic fluid (4,5)
and breast milk (6–9).
In an in vitro model of neonatal gastric and proximal intes-

tinal conditions, IL-8/CXCL8 remains undigested, as tested by
enzyme immunoassay (8). Recombinant human IL-8/CXCL8
promotes cellular migration, proliferation, and differentiation
in intestinal epithelial cell (IEC) lines, besides protecting these
cells from chemical injury (8). For assessing the physiologic
relevance of these effects, the intact survival of IL-8/CXCL8

through gastric digestion needs confirmation in assays for
structural and functional integrity. We hypothesized that IL-8/
CXCL8 survives neonatal gastric digestion as a result of an
intrinsic resistance to aspartyl proteinase activity. We treated
recombinant human IL-8/CXCL8 (rhIL-8/CXCL8) with an
established gastric fluid model (Simulated Gastric Fluid; USP,
10) (10) and measured IL-8/CXCL8 concentration and bioac-
tivity in a variety of assays. IL-8/CXCL8–pepsin interaction
was studied further in computational simulations involving
molecular docking. The protease resistance of IL-8/CXCL8
was identified to be due to its disulfide bond–related tertiary
folding and confirmed in actual chemical reduction
experiments.

METHODS

Simulated gastric fluid (SGF) was prepared with 3.2 mg/mL of porcine
pepsin (3200–4500 units/mg protein; Sigma Chemical Co., St. Louis, MO) in
0.2% NaCl/0.7% HCl (pH 1.2; US Pharmacopoeia) (10). Carrier-free rhIL-8/
CXCL8 (R&D Systems, Minneapolis, MN) and BSA (control; Sigma Chem-
ical Co.) were freshly reconstituted in PBS as 0.25-mg/mL solutions, which
provided a pepsin:protein ratio of 50:1. Twenty microliters of the test/control
protein solution was incubated with 80 �L of SGF at 37°C for 0, 5, 15, or 60
min. Reactions were terminated by addition of 35 �L of 0.32 M of sodium
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carbonate. The digestates from the four time points were tested for immuno-
logic, structural, and functional integrity.

Immunologic analysis. IL-8/CXCL8 was measured by the Human IL-8/
CXCL8 Quantikine ELISA kit, second generation (R&D; sample required: 50
�L; range 10–2000 pg/mL). BSA was measured with the BSA immunoenzy-
metric assay (Cygnus Technologies, Southport, NC; sample 50 �L; range
0.25–32 ng/mL).

Peptide gel electrophoresis. Peptide gel electrophoresis was performed on
digestates from the SGF studies by a previously described standard method
(11). rhIL-8/CXCL8 (0.5 �g) was used as positive control.

Western blot. The digestate proteins (after electrophoresis) were transferred
to a polyvinylidene difluoride membrane (BioRad). After blocking, the mem-
brane was treated sequentially with monoclonal anti-human IL-8/CXCL8 IgG1

antibody (1 �g/mL; R&D), goat anti-mouse IgG-horseradish peroxidase
(1:10,000; Upstate Biotechnology, Charlottesville, VA), and the ECL-plus
staining reagents (Amersham Biosciences, Piscataway, NJ).

Image analysis. The ELISA results from SGF digestates were validated by
digital image densitometric analysis of the electrophoretic separations. We
used the software application Scion Image version 4.0.2 (ported from the NIH
Image for the Macintosh by Scion Corporation, Frederick, MD, and available
on the Internet at http://www.scioncorp.com) (12). The band grayscale values
were converted to percentages for comparison.

FHs-74-Int cell culture. The FHs-74-Int cell line (ATCC, Rockville, MD)
was used to evaluate the effect of IL-8/CXCL8 digestates on cell proliferation.
This epithelial cell line is derived from a 12- to 16-wk fetus, and we have
previously shown that rhIL-8/CXCL8 increases cell proliferation in these cells (8).
These cells were cultured (passage numbers 13–15) as described earlier (8).

Cell proliferation experiments. Cells were plated in 96-well plates at a
density of 1–2 � 104/well. After 24 h, media were changed to phenol-red free
media that contained the SGF digestates diluted to estimated (per ELISA
results) 10-nM concentrations and incubated for 3 d. These concentrations
were chosen on the basis of earlier observations (8). Negative controls were
run with PBS and with SGF � PBS � stop buffer in the volumes used for the
SGF treatment studies, whereas rhIL-8/CXCL8 (R&D) was used as positive
control. Each set was run in triplicate. The cells were then labeled with
Bromodeoxyuridine for 24 h, and its incorporation was measured by ELISA
(Roche Diagnostics, Indianapolis, IN) as described previously (8).

Peripheral blood neutrophil chemotaxis assay. Peripheral venous blood
was obtained from healthy adult volunteers (approved by the institutional
review board). Neutrophils were isolated to 90–95% purity by sequential
dextran sedimentation (Sigma Chemical Co.), erythrocyte lysis (PharMLyse;
BD Biosciences, San Diego, CA), and differential centrifugation by Ficoll-
Hypaque density gradient (Sigma Chemical Co.). These cells were resus-
pended in 5 mL of RPMI 1640 without Phenol red (Sigma Chemical Co.) that
contained 10% FCS (HyClone, Logan, UT) and labeled with calcein AM (5
�g/mL; Molecular Probes, Eugene, OR). Chemotaxis was tested by an auto-
mated assay (13) using disposable 96-well chemotaxis chambers (ChemoTx,
Neuro Probe). The wells were filled with 29 �L of the SGF digestates diluted
to an estimated (per ELISA results) rhIL-8/CXCL8 concentration of 1 nM
(based on pilot data). Negative and positive controls were run as in cell
proliferation studies. The wells were covered with an 8.0-�m pore size
polycarbonate filter, and 25 �L of the labeled neutrophil suspension (3 � 106

cells/mL) was placed on the filter sites. The chamber was incubated at 37°C,
5% CO2 for 60 min. The plates were read spectrophotometrically at 485/530
nm (Fusion Universal Microplate Analyzer; Perkin Elmer, Shelton, CT), and
neutrophil migration was assessed as the total fluorescence for each well. Each
sample was run in duplicate.

Molecular docking. The protein data bank (PDB) structures for IL-8/
CXCL8 (PDB ID: 1IKL) (14) and porcine pepsin (PDB ID: 3PEP) (15) were
obtained from the Research Collaboratory for Structural Bioinformatics (http://
www.rcsb.org/pdb) (16). The interaction of IL-8/CXCL8 with porcine pepsin
was studied by computational docking using MacroModel/BatchMin version
7.0 (Schrödinger, Inc., Portland, OR) (17). The docking procedure involved
rigid body translation/rotation (using the BatchMin MOLS command) fol-
lowed by energy minimization using the Truncated Newton Conjugate Gradi-
ent procedure (18). Porcine pepsin atoms were fixed at crystallographic
positions, whereas the IL-8/CXCL8 structure was allowed to translate and
rotate during the docking and energy minimization procedures. Modeling was
performed both in vacuo and with generalized born/surface area solvation (19).
Energy minimization protocols were based on the AMBER* force field
distance–dependent electrostatics (20), which were further attenuated by a
factor of 4 (“4r” electrostatics). The energy cutoff for the saved docked
structures was set at 50 kJ/mol.

On the basis of the data from Powers et al. (21) on pepsin specificity, we
identified amino acid residues and peptide bonds in IL-8/CXCL8 that might
have relatively higher probabilities of pepsin-mediated cleavage. The amino
acid targets, in decreasing order of susceptibility, were phenylalanine (posi-

tions 17, 21, ad 65; cleavage probability, p � 0.51), leucine (5, 25, 43, 49, 51,
and 67; p � 0.41), tryptophan (57; p � 0.40), aspartate (45 and 52; p � 0.26),
glutamate (4, 24, 29, 38, 48, 55, 63, and 70; p � 0.24), tyrosine (13; p � 0.24),
and alanine (35 and 69; p � 0.16). These 23 amino acid residues are
subsequently referred to as the “pepsin target residues.” In addition, the peptide
bonds between the residues 17phenylalanine-18histidine (cleavage probability,
p � 0.8), 21phenylalanine-22isoleucine (p � 0.6), and 65phenylalanine-
66leucine (p � 0.6) were marked. The position of these residues was studied
vis-à-vis those of pepsin active site aspartates at positions 32 and 215, and the
S1 active site subunit residues (30isoleucine, 75tyrosine, 77threonine, 111phe-
nylalanine, 112leucine, 117phenylalanine, 120isoleucine, and 217glycine) (22).

The docking procedure was started after a manual attempt to position the
N-terminal loop phenylalanine residues (which had the highest theoretical
probability of cleavage by pepsin) at a distance �25 Å and was performed
sequentially both in vacuo and with solvation. The pepsin active site shell for
positioning the N-terminal loop of IL-8/CXCL-8 was based on the data from
Sielecki et al. (22).

Flexibility predictions for IL-8/CXCL8. The flexible and rigid segments of
IL-8/CXCL8 were predicted by using the software algorithm FIRST (Floppy
Inclusion and Rigid Substructure Topography) (23). IL-8/CXCL8 structure
was optimized for calculation of hydrogen bonds by adding atomic hydrogens
to the PDB structure by using the application WHATIF (24).

Computational simulation of removal of disulfide bonds in IL-8/CXCL8.
The cysteine residues at positions 7 and 9 in the PDB molecular structure of
IL-8/CXCL8 were mutated to alanine by using the Swiss-pdb deep viewer
software application (25). The “mutated” molecule was studied further by
introducing torsion at the �-carbon �-angles of the identified 29glutamic acid
“hinge” residue. This torsional movement produced multiple hypothetical
geometries, which were then subjected to global energy minimization (in
vacuo) by the GROMOS 43B1 force field (26). Relative solvent accessibility
maps were computed for these refined hypothetical structures, wherein maxi-
mum accessibility was defined as the accessible surface of an amino acid “X”
in a glycine-glycine-X-glycine-glycine pentapeptide in extended conforma-
tion. This scale provides a measure that is approximate but sufficiently accurate
to differentiate core amino acids from surface ones. The mean relative solvent
accessibilities for the “pepsin target residues” (vide supra) were compared
statistically. The product of relative accessibility of each of these amino acids
with its individual cleavage probability (21) was defined as “accessibility
index” and also used for comparisons.

IL-8/CXCL8 was reduced by treatment with Immobilized Tris [2-carboxy-
ethyl] phosphine hydrochloride (TCEP) Disulfide Reducing Gel slurry (Pierce
Biotechnology, Rockford, IL), wherein TCEP is covalently conjugated with
4% cross-lined beaded agarose support (27). Equal volumes of TCEP and 0.25
mg/mL of carrier-free rhIL-8/CXCL8 (R&D) were incubated for 30 min
(based on pilot data), and the reduced protein was finally recovered by
centrifugation at 1000 rpm again for 1 min.

As native IL-8/CXCL8 is highly stable up to 80°C (28), the procedure was
repeated at 75°C to increase the efficiency of disulfide reduction without
chemical denaturation. The structural integrity of the reduced protein was
re-confirmed by gel electrophoresis (vide supra).

The extent of disulfide bond reduction in rhIL-8/CXCL8 was measured as
the free sulfhydryl concentration in solution (Ellman’s method) (29). Ellman’s
reagent solution was prepared by dissolving 4 mg of 5,5'-Dithio-bis-(2-
nitrobenzoic acid) (Pierce) in 1 mL of reaction buffer [0.1 M of sodium
phosphate (pH 8.0) and 1 mM of EDTA). Standards were prepared with
cysteine hydrochloride monohydrate (0–1.5 mM). The reaction was run by
adding 250 �L of test/standard solution to 50 �L of Ellman’s reagent and 2.5
mL of reaction buffer for 15 min and measured as absorbance at 412 nm.

The reduced rhIL-8/CXCL8 was subjected to the SGF experiments (vide
supra) to determine the contribution of intramolecular disulfide bonds to
pepsin resistance. BSA was run as control. IL-8/CXCL8 and BSA concentra-
tions were measured at different time points by ELISA.

Statistical methods. IL-8/CXCL8 concentrations were described as mean �
SD. Continuous, independently measured data points were identified as para-
metric or nonparametric by testing for normality (Kolmogorov-Smirnov/
Shapiro-Wilk tests) and equivalence of variance (Levene’s test). Results of the
digestion studies were depicted as proportion (percentage) of protein detect-
able at different time points. Digestion time-point comparisons were performed
by a one-tailed two-factor mixed factorial ANOVA. Sphericity was tested by
Mauchly’s test, and the Greenhouse-Geisser test was used for analysis when
homogeneity of covariance could not be demonstrated. Bivariate correlations
were sought by the Pearson method. For all statistical procedures, an � error
up to 0.05 was accepted.
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RESULTS

Immunologic Analyses

The IL-8/CXCL8 concentrations detectable by ELISA at 0,
5, 15, and 60 min of treatment with SGF were 100, 63.30 �
6.02, 13.66 � 4.52, and 5.61 � 2.88%, respectively. In con-
trast, BSA was undetectable at 5 min onward. These two
patterns were significantly different (p � 0.013; Fig. 1).

Structural Analyses

Peptide gel electrophoresis/Western blot. The gel is shown
in Figure 2A. The band for rhIL-8/CXCL8 could be identified
at 60 min of SGF treatment, in contrast to BSA that became
nondetectable at 5 min (data not shown). This persistent band
was recognized by monoclonal anti-human IL-8/CXCL8 anti-
body in Western blot (Fig. 2B).

Image analysis. The SGF digestates at 0, 5, 15, and 60 min
of treatment showed IL-8/CXCL8 electrophoretic bands with
grayscale intensities of 100, 73.75 � 7.25, 55.94 � 4.76, and
36.75 � 3.74%, respectively. These values correlated signifi-
cantly with the values measured by ELISA (Pearson’s r �
0.97, p � 0.001; Fig. 1).

Functional Analyses

Cell proliferation experiments. The SGF digestates at 0, 5,
15, and 60 min of treatment, when added in dilutions corre-
sponding to 100-nM concentration, increased IEC proliferation
as measured in a Bromodeoxyuridine cell ELISA. The optical
densities for control (medium alone) were 1.54 � 0.06, and
with addition of SGF digestates at 0, 5, 15, and 60 min
increased to 1.83 � 0.04 (p � 0.001), 1.73 � 0.05 (p � 0.03),

1.82 � 0.03 (p � 0.001), and 1.86 � 0.17 (p � 0.001). These
results were similar to positive control (100 nM of rhIL-8/
CXCL8; OD � 1.85 � 0.05; p � 0.001). This effect was
neutralized when the 60-min SGF digestate was added along
with anti-human IL-8/CXCL8 antibody (1.51 � 0.03; p �
0.96). The cell proliferation ELISA was also run with PBS
(1.58 � 0.10; p � 0.80) and SGF (1.59 � 0.10; p � 0.71)
controls, which were not statistically different from the culture
medium alone (Fig. 3).
Neutrophil chemotaxis assay. The digested rhIL-8/CXCL8

samples increased neutrophil chemotaxis at 0, 5, 15, and 60
min of treatment with SGF when compared with PBS and SGF
controls (p � 0.001 for each time point). These results were not
significantly different between the individual time points (p �
0.13–0.31) or from positive control (1 nM of rhIL-8/CXCL8;
p � 0.06–0.7). SGF did not increase neutrophil chemotaxis
when compared with PBS (p � 0.65; Fig. 4).

Figure 1. IL-8/CXCL8 digestion with simulated gastric fluid. Results are
depicted as means � SEM in a clustered line diagram. SGF was prepared with
3.2 mg/mL of porcine pepsin in 0.2% NaCl/0.7% HCl (pH 1.2). The figure
shows concentrations of BSA (control; thick dotted line), rhIL-8/CXCL8
concentrations measured by ELISA (solid line), and IL-8/CXCL8 band inten-
sities (image analysis) on gel electrophoresis of the digestates (thin dotted
line). Each experiment (four replicates) was performed in two runs, and all
ELISA measurements were in duplicate; n � 4 for statistical analyses; *p �
0.05; **p � 0.01; ***p � 0.001.

Figure 2. (A) Peptide gel electrophoresis of simulated gastric fluid digestates
of rhIL-8/CXCL8. (B) The band was recognized by monoclonal human
anti–IL-8/CXCL8 antibody in Western blot. Each experiment was performed
in two runs.

Figure 3. Bar diagram showing the effect of SGF-digested IL-8/CXCL8 on
human fetal intestinal cell proliferation, indicating functional integrity of
“digested” IL-8/CXCL8. Cellular proliferation was estimated by a cell ELISA
for Bromodeoxyuridine incorporation. The diagram depicts mean � SEM
optical densities. The experiment (four replicates) included two runs, and each
sample was tested in duplicate; n � 4 for statistical analyses; *p � 0.05; **p
� 0.01; ***p � 0.001.
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Computational Simulations

Molecular docking . The in vacuo docking procedure
yielded only one docked geometry after 5000 steps. The po-
tential target residues for enzymatic cleavage were separated
from the pepsin active site aspartates by �25 Å, indicating a
poor enzyme-substrate fit. Similarly, on repeating the proce-
dure using the generalized born/surface area solvation proto-
col, only a single structure within the predefined energy win-
dow of 50 kJ/mol was obtained repeatedly after 1800 steps.
The docked geometry continued to show a poor fit; the distance
of the high cleavage probability amino acid residues actually
increased to �35 Å, with the N-terminal loop now facing away
from the enzyme active site (Fig. 5).
Flexibility predictions for IL-8/CXCL8. The software algo-

rithm FIRST identified a highly flexible hinge in IL-8/CXCL8
at the 29glutamate position (Fig. 6).

Computational simulation of removal of disulfide bonds in
IL-8/CXCL8. The molecular structure of IL-8/CXCL8 was

studied after cysteine3alanine “mutations” at positions 7 and
9. Multiple hypothetical versions of the mutated IL-8/CXCL8
structure were obtained with serial increments of torsional
strain at 29glutamate (Fig. 7).

This torsional strain led to an opening of IL-8/CXCL8
structure and increased the solvent accessibility of the N-loop
amino acid residues. The mean relative accessibility of the
“pepsin target residues” increased significantly from 29.26 �
17.38% in native IL-8/CXCL8 structure to 37.36 � 14.54%
(p � 0.002) in the hypothetical “mutated” structure shown in
Figure 7. When the accessibility indices (relative accessibility
� cleavage probability) for each of these 23 amino acids were
compared, the difference again was significantly different
(10.04 � 8.02 versus 12.59 � 7.94%, respectively; p � 0.001).

Figure 4. Bar diagram showing the effect of SGF-digested IL-8/CXCL8 on
neutrophil chemotaxis. Neutrophil chemotaxis was measured by an automated
assay measuring movement of calcein-labeled neutrophils across 8-�m poly-
carbonate filters. The diagram depicts mean � SEM fluorescence intensities.
The experiment (four replicates) included two runs, and each sample was
tested in duplicate; n � 4 for statistical analyses; *p � 0.05; **p � 0.01; ***p
� 0.001.

Figure 5. Lowest energy dock structure between porcine pepsin and IL-8/
CXCL8. Rigid body docking was performed with the software application
MACROMODEL version 7.0 with generalized born/surface area solvation.
The above structure showed a poor enzyme-substrate fit, with all potential
target residues for peptic cleavage separated from the active site residues in
pepsin by �25 Å.

Figure 6. Rigid region decomposition view for IL-8/CXCL8, based on
predictions by the GRAPH theory software algorithm FIRST. The most
flexible parts of the protein are shown as texturized, the intermediate areas are
light, and the most rigid areas are dark.

Figure 7. (A) Native IL-8/CXCL8. (B) One of the hypothetical versions of
IL-8/CXCL8 structure following computational substitution of cysteine (resi-
dues 7 and 9), followed by simulated application of torsional strain at a high
flexibility hinge at 29glutamate position. The above computational simulations
were performed by using the software application Swiss PDB viewer and its
associated algorithms.
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Chemical Reduction of Intramolecular Disulfide Bonds in
IL-8/CXCL8

The degree of disulfide bond reduction was measured as the
concentration of free sulfhydryl groups in solution. The free
sulfhydryl concentrations in native rhIL-8/CXCL8, after reduc-
tion with Immobilized TCEP at room temperature and after
reduction with immobilized TCEP at 75°C, were equivalent to
0, 0.202, and 0.301 mM of cysteine.
rhIL-8/CXCL8 migrated as a single electrophoretic band

similar to native rhIL-8/CXCL8 after treatment with TCEP at
room temperature. The results were similar when the reduction
was performed at 75°C.
After immobilized TCEP reduction at room temperature,

IL-8/CXCL8 concentrations at 0, 5, 15, and 60 min of treat-
ment with SGF were 100%, 4.17 � 0.72%, 2.01 � 0.34%, and
nondetectable, respectively (p � 0.002). When IL-8/CXCL8
was reduced at 75°C, the concentrations were 100%, 0.06 �
0.04%, 0.03 � 0.01%, and nondetectable, respectively (p �
0.002). These results are shown in Figure 8.

DISCUSSION

Several human milk–borne cytokines, including erythropoi-
etin, granulocyte-colony stimulating factor, and epidermal
growth factor, survive neonatal gastric digestion (30–33). Fac-
tors that have been postulated to explain this phenomenon
include antiproteases in milk, relative lack of aspartyl protein-
ase activity in the neonatal stomach as a result of hypochlo-
rhydria or paucity of the enzyme, and the protective effect of
binding to cognate receptors in the gastrointestinal mucosa
(30–33). However, several lines of evidence now suggest that
aspartyl proteinase activity might actually be detectable in the

fetal stomach from midgestation, thereby suggesting that ad-
ditional factors might be at work in preservation of activity of
these cytokines (34). It also remains to be seen whether these
cytokines would retain bioactivity even after gastric acid and
pepsin production is well established during infancy, as pep-
tides such as epidermal growth factor seem to be digested into
smaller, less active forms in acidic gastric secretions (34–36).
In this study, we examined this issue in relation to
IL-8/CXCL8.
Milk-borne IL-8/CXCL8 is highly resistant to simulated

neonatal gastric digestion. Our previous demonstration of high
concentrations in neonatal gastric contents provides further
indirect evidence of its stability (37). Because the gastric
contents were collected from neonates who had never received
breast milk feeding, it is clear that human milk–borne antipro-
teases are not essential for the intact survival of IL-8/CXCL8.
Similarly, the presence of high concentrations of IL-8/CXCL8
in the gastric luminal contents excludes a major protective role
of binding to the mucosal receptors.
We also reported previously that IL-8/CXCL8 concentra-

tions were lower in term gastric contents than in those of
preterm neonates (37), which, arguably, could be due to partial
digestion by higher proteolytic activity of the term neonatal
stomach (38,39). However, in vitro, IL-8/CXCL8 survives
simulated digestions performed with gastric aspirates obtained
from term as well as preterm neonates (6–9). Our gastric
aspirates were collected after 24 h of life; therefore, it is
unlikely that amniotic fluid present from birth would be a
major constituent of these samples. It is more likely that the
origin of this IL-8/CXCL8 is from mucosal expression (37).
This expression decreases with maturation and can provide an
explanation for gestational differences in gastric content IL-8/
CXCL8 levels.
Gastric proteolytic activity is primarily due to the presence

of aspartyl proteinase enzymes. These proteins are remarkably
conserved through evolution and fetal development, as is
evident from the work of Kageyama (34), and also from
information available at the Conserved domain database,
National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid �
pfam00026). The human fetus and neonate express several of
these enzymes, including prochymosin, pepsinogens, and pro-
gastricsin, in a developmentally regulated sequence (34,40).
The enzymes expressed earlier during development have
higher pH optima than Pepsin A, which makes those better
suited to the relatively hypochlorhydric environment of the
fetus and the young infant (34,40). However, their tertiary
structure, catalytic activity, and substrate specificity are still
markedly similar to each other and to other known aspartyl
proteinases (34,40). To study further the interaction of IL-8/
CXCL8 with these enzymes, we chose an established model
based on porcine pepsin, which has been used extensively to
study protein stability and oral bioavailability of drugs (10,41).
The porcine enzyme, besides being the best studied member of
this family, is one of the closest structural homologs of the
human pepsin A: a pairwise BLAST (Basic Local Alignment
Search Tool; http://www.ncbi.nlm.nih.gov/blast/) analysis
(15,42,43) shows a high degree of sequence alignment; a bit

Figure 8. Effect of reduction of intramolecular disulfide bonds on IL-8/
CXCL8 resistance to digestion with SGF. IL-8 concentrations are depicted as
the detectable proportion (%) of the initial concentration. Disulfide bonds were
reduced by chemical treatment with TCEP immobilized by covalent conjuga-
tion to 4% cross-lined beaded agarose support. The reactions were carried out
at room temperature and at 75°C. Reduction was confirmed by measuring free
sulfhydryl concentrations by Ellman’s method. The experiment (four repli-
cates) was run twice, and all ELISA measurements were in duplicate; n � 4 for
statistical analyses; *p � 0.05; **p � 0.01; ***p � 0.001.
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score of 587 (1514), 85% identities, 95% positives, no gaps,
and an expectation score of e-166 against finding a better
possible match, whereas flexible three-dimensional structural
alignment using computational tools (44) gives root mean
squared distances as low as 0.94 Å. If only the active site
residues are aligned, then sequences are 95% identical and the
root mean squared distance is only 0.69 Å, thus further con-
firming the similarity. Proteins that are considered “resistant”
to gastric proteolysis are often stable in SGF for 5–60 min, in
contrast to others, such as serum albumin, that are digested
within seconds (45). The choice of a model with acidic pH and
excess proteinase activity is also relevant as it helps in dem-
onstrating that IL-8/CXCL8 is likely to retain its potential
biologic significance during infancy as gastric acid and pepsin
output increase (37,44).
In the present study, rhIL-8/CXCL8 retained immunologic

(by ELISA and Western blot), structural (in gel electrophore-
sis), and functional (enterocyte proliferation and neutrophil
chemotaxis) integrity even at 60 min of SGF treatment. The
protease resistance can be explained on the basis of the poor
docking fit observed in the computational simulation. The low
predicted solvent accessibility of the target aromatic/
hydrophobic amino acids in native IL-8/CXCL8 also suggests
that the protease resistance of IL-8/CXCL8 is primarily due to
its tertiary structure. Dimerization of IL-8/CXCL8 occurs
mainly at concentrations higher than those seen in vivo or in
our experimental conditions and therefore was not considered
to be a major factor in protease resistance (46). IL-8 is also not
believed to be significantly glycosylated, and its sequence
lacks the tripeptide asparagine-arginine-threonine that is usu-
ally associated with N-glycosylation of asparagine (47). There-
fore, we did not consider glycosylation as a likely factor in its
resistance to aspartyl proteinases.
IL-8/CXCL8 is a 72–amino acid residue protein with two

disulfide bridges, from Cys-7 to Cys-34 and from Cys-9 to
Cys-50 (48). These disulfide bridges link the functionally
important but mobile N-terminal region to the core of the
protein and therefore form a critical part of the protein scaffold.
Both disulfide bridges are essential for maintenance of the
native tertiary fold and stability (49). In view of the poor
docking fit between IL-8/CXCL8 and the porcine pepsin active
site, we hypothesized that the tertiary folding and, hence,
indirectly, the disulfide bridges in the IL-8/CXCL8 are central
to this protease resistance.
Simulated removal of these disulfide bonds by computa-

tional “mutation” of the cysteine (to alanine) residues allowed,
as expected (28), increased freedom of movement for the
N-terminal residues. This also allowed torsional movement at
the 29glutamate residue, which had been identified as a flexible
“hinge” region on flexibility analysis. In these computational
simulations, application of torsional strain at this site opens up
the IL-8/CXCL8 structure, exposing the aromatic/hydrophobic
residues and allowing for an improved docking fit. These
predictions are very close to the experimental results reported
previously by Clark-Lewis et al. (49). In their study, substitu-
tion of the cysteine residues with �-aminobutyric acid led to
the loss of the compact molecular structure, with displacement
and increased mobility of the 29– to 37–amino acid region.

Chemical reduction of the disulfide bonds in IL-8/CXCL8
confirmed our hypothesis that the resistance of IL-8/CXCL8 to
gastric proteolysis is due to its disulfide structure. The valida-
tion of these computational tools suggests that this may be an
accurate method to identify various other bioactive factors in
amniotic fluid and human milk that survive digestion. The
interaction of various bioactive molecules with the developing
gastric and pancreatic enzyme systems is a highly relevant
issue in the study of intestinal development (50). There is
evidence from animal models that certain agents not only may
interact with the gastrointestinal tract but also may be absorbed
into the systemic circulation of the recipient (51). In human
neonates, whereas some ingested peptides such as epidermal
growth factor are absorbed systemically, other molecules, in-
cluding erythropoietin and granulocyte-colony stimulating fac-
tor, are not (52–54). Further work is needed in this area, as
improved understanding of the fate of various luminal peptides
and other bioactive factors is likely to be of immense impor-
tance in neonatal nutrition.
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