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Abstract
In Dictyostelium discoideum, AprA is a secreted protein that inhibits proliferation and causes
chemorepulsion of Dictyostelium cells, yet AprA has little sequence similarity to any human
proteins. We found that a predicted structure of AprA has similarity to human dipeptidyl peptidase
IV (DPPIV). DPPIV is a serine protease present in extracellular fluids that cleaves peptides with a
proline or alanine in the second position. In Insall chambers, DPPIV gradients below, similar to,
and above the human serum DPPIV concentration cause movement of human neutrophils away
from the higher concentration of DPPIV. A 1% DPPIV concentration difference between the front
and back of the cell is sufficient to cause chemorepulsion. Neutrophil speed and viability are
unaffected by DPPIV. DPPIV inhibitors block DPPIV-mediated chemorepulsion. In a murine
model of acute respiratory distress syndrome, aspirated bleomycin induces a significant increase in
the number of neutrophils in the lungs after 3 d. Oropharyngeal aspiration of DPPIV inhibits the
bleomycin-induced accumulation of mouse neutrophils. These results indicate that DPPIV
functions as a chemorepellent of human and mouse neutrophils, and they suggest new mechanisms
to inhibit neutrophil accumulation in acute respiratory distress syndrome.

Chemotaxis is the directed movement of cells due to a gradient of an attractant or repellent.
Chemotaxis has been observed in both prokaryotes and eukaryotes (1, 2). In humans,
neutrophils show chemotaxis toward bacterial products such as fMLP and toward signals
secreted by macrophages and epithelial cells such as IL-8 (3, 4). A large number of
chemoattractants have been characterized, whereas relatively few chemorepellents have
been identified (5–10).

Dictyostelium cells secrete two proteins, AprA and CfaD, which inhibit Dictyostelium cell
proliferation (11, 12). Although CfaD has sequence similarity to cathepsin L, AprA shows
no significant sequence similarity to eukaryotic proteins (11, 12). We found that AprA also
functions as a chemorepellent of Dictyostelium cells (13). Wild-type cells in a colony
rapidly move away from the dense colony center, whereas AprA knockout cells show no
directional movement away from the center of a colony (13, 14). When wild-type cells are
placed in a gradient of rAprA, cells show a biased movement away from rAprA (13).

Protein structure prediction can be highly accurate and reveal new functions of a protein
(15–20). The protein prediction server I-TASSER uses a multistep process to predict protein
structure (15, 17). First, initial models of the structure are generated from the amino acid
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sequence (15, 17). The models are then adjusted using Monte Carlo simulations to identify
folds with the lowest free energy (15, 17). Finally, spatial constraints and optimal hydrogen
bindings are used to adjust the predicted structure (15, 17). The predicted structure can then
be used to search for proteins with similar structures (16, 18–20).

Dipeptidyl peptidase IV (DPPIV) is a 110-kDa serine protease that cleaves peptides with a
proline or alanine in the second position at the N terminus (21). DPPIV is on the
extracellular surface of some lymphocytes and epithelial cells, and a heavily glycosylated
soluble form of DPPIV is also found in plasma, serum, cerebrospinal fluid, synovial fluid,
semen, and urine (22, 23). DPPIV degrades glucagon-like peptide-1 (24). Drugs that block
DPPIV activity also block this degradation and are used to treat type 2 diabetes (24). By
activating or deactivating peptide signals, DPPIV affects a large variety of signaling
molecules regulating chemotaxis, tissue remodeling, cell adhesion, and other processes (25,
26).

Using the I-TASSER program, we identified structural similarity between Dictyostelium
AprA and human DPPIV. We show that neutrophils are chemorepulsed by DPPIV, and that
this chemorepulsion is dependent on the enzyme activity of DPPIV. In an in vivo model of
neutrophil movement, oropharyngeal aspiration of DPPIV reduces neutrophil accumulation
in the lungs of bleomycin-treated mice. In this study, we show that DPPIV acts as a
chemorepellent of human neutrophils and presents a new potential method to inhibit
neutrophil accumulation in tissues.

Materials and Methods
Structure prediction, alignment, and superimposition

The tertiary structure of AprA was predicted using I-TASSER (15–17). The Protein Data
Bank file of the predicted AprA structure was input into the Dali server to find similar
protein structures and calculate structural similarities (27). The structure of AprA and
DPPIV were superimposed using pairwise alignment (http://agknapp.chemie.fu-berlin.de/
gplus/) (28, 29).

Neutrophil isolation
Blood was collected from healthy volunteers with specific approval from the Institutional
Review Board of Texas A&M University. Written consent was received, and all samples
were deidentified before analysis. Neutrophils were isolated from the blood using
Lympholyte-poly (Cedarlane Laboratories, Hornby, BC, Canada) following the
manufacturer's directions and resuspended in 2% BSA (fraction V, A3059; Sigma-Aldrich)
in RPMI 1640 (Lonza).

Neutrophils were further purified using negative selection, as described previously (30).
Briefly, neutrophils were depleted of eosinophils, monocytes, and lymphocytes by
incubating the cells for 10 min at room temperature with 5 μg/ml anti-human CD244
(BioLegend) and then depleting CD244+ cells with pan Mouse IgG Dynabeads (Invitrogen).
Cells were resuspended to a final volume of 1 ml in 2% human albumin-RPMI 1640.

To determine the purity of CD244-depleted neutrophil preparations, cells were resuspended
in PBS containing 2% BSA and cell smears were prepared as described previously (31).
Cells smears were air dried overnight, fixed in methanol, stained with H&E, and cell
morphology was determined by microscopy, as described previously (30).

Human albumin was isolated from human serum (Lonza) using Affi-Gel blue gel beads
(Bio-Rad). After washing beads three times with PBS, beads were incubated with serum at
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room temperature for 2 h. Beads were collected by centrifugation at 300 × g for 2 min and
washed with buffer (20 mM Tris, 140 mM NaCl, 2 mM calcium) and the albumin was
eluted off overnight with 500 mM NaCl. Albumin was then concentrated and buffer
exchanged to Earl's balanced salt solution (Sigma-Aldrich) using a 10-kDa centrifugal filter
(Millipore) and stored at 4°C.

Insall chamber assays
Human soluble rDPPIV was purchased from Enzo Life Sciences. To measure the effect of
DPPIVon cell displacement, we used Insall chambers, which allows direct visualization of
cell movement, as described previously for melanoma cells, Dictyostelium, and neutrophils
(13, 32, 33). Briefly, 22 × 22-mm glass coverslips were etched with 1 M HCl, rinsed with
deionized water, and coated with 20 μg/ml bovine plasma fibronectin (Sigma-Aldrich) for
30 min at 37°C. Coverslips were then washed twice with PBS, and 300 μl neutrophils at 5 ×
106 cells/ml was allowed to adhere to the coverslip for 15 min at 37°C. We then used an
Insall chamber slide, a gift from Robert Insall (32). Two concentric depressions and the
separating bridge were filled with 2% BSA-RPMI 1640. The media was removed from the
coverslips, which were then placed face down on the chamber. Media was then removed
from the outer chamber and was replaced by DPPIV alone, DPPIV inhibitor alone (diprotin
A from Enzo Life Sciences or DPPI 1c hydrochloride from Tocris Bioscience), DPPIV plus
DPPIV inhibitor (all in 2% BSA-RPMI 1640), or 2% BSA-RPMI 1640. Cells located on the
bridge between the square depressions were then filmed as previously described (34), using
a ×10 objective for 1 h at 37°C in a humidified 5% CO2 incubator. Displacement of at least
10 randomly chosen cells per experiment was measured during periods of 10 min. Cell
tracking and track analysis was done as previously described (13) with the exception that
videos of an hour in length were processed into 10-min segments to yield a TIFF stack of 47
images for analysis (with 13-s intervals between images). Insall chamber assays for pure
neutrophils were done with the same procedures except that coverslips were coated with 20
μg/ml human plasma fibronectin (Trevigen) and 2% human albumin-RPMI 1640 was used
instead of 2% BSA-RPMI 1640.

For conditioned media assays, neutrophils at 5 × 106 cells/ml were incubated with 300 ng/ml
DPPIVor an equivalent volume of buffer for 30 min at 37°C in tubes that were precoated
with 4% BSA-RPMI 1640. Where indicated, the DPPIV inhibitor DPPI 1c hydrochloride
was added to the conditioned medium to a final concentration of 200 nM. Cells were
collected by centrifugation at 500 × g for 5 min and the supernatant was added to the outside
chamber of an Insall chamber. Cells were filmed as described above. Samples of
conditioned media were separated on 4–20% PAGE gels (Bio-Rad), transferred to
Immobilon-P membranes (Millipore), and membranes were stained with 100 ng/ml anti-
human DPPIV Abs (R&D Systems).

Effect of DPPIV peptidase activity on albumin stability
BSA-RPMI 1640 (2%) and 2% human albumin-RPMI 1640 were incubated with 300 ng/ml
rDPPIVor an equivalent volume of buffer for 3 h. Samples were taken at 0, 15, 30, 45, 60,
and 180 min, mixed with SDS sample buffer, separated on 4–20% PAGE, and then silver
stained.

Neutrophil influx in mice
Four-week-old C57BL/6 male mice (The Jackson Laboratory, Bar Harbor, ME) were treated
with an oropharyngeal aspiration of 50 μl saline or 3 U/kg bleomycin (Calbiochem) (35).
The successful aspiration of bleomycin into the lungs was confirmed by listening for the
crackling noise heard after the aspiration. Twenty-four hours following bleomycin aspiration
(day 1), mice were treated with an oropharyngeal aspiration of 50 μl 0.9% saline with 0.9
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μg rDPPIV (Enzo Life Sciences) or an equal volume of 0.9% saline. Mice were weighed
daily and euthanized at day 3 after bleomycin aspiration. Blood was collected by cardiac
puncture from the euthanized mice and blood glucose was measured using Accu-Check
Active (Roche). The lungs were perfused with 300 μl PBS three times to collect cells by
bronchoalveolar lavage (BAL) as described previously (36). The primary BAL cells were
collected by centrifugation at 500 × g for 10 min. Primary BAL pellets were resuspended in
the secondary and tertiary BAL fluid and the combined cells were collected by
centrifugation at 500 × g for 5 min. The cells were resuspended in 500 μl 4% BSA-PBS and
counted with a hemocytometer. Diluted cells (100 μl) were then aliquoted into cytospin
funnels and spun onto glass slides (Superfrost Plus white slides; VWR Scientific, West
Chester, PA) at 400 rpm for 5 min using a cytospin centrifuge (Shandon, Cheshire, U.K.).
These cells were then air-dried and stained with Gill's hematoxylin. More than 200 cells
were counted for total cell number, and neutrophils, macrophages, and lymphocytes were
identified by morphology. The percentage of neutrophils, macrophages, or lymphocytes was
then multiplied by the total number of cells recovered from the BAL to obtain the number of
each cell type in the BAL. The mice were used in accordance with guidelines published by
the National Institutes of Health, and the protocol was approved by the Texas A&M
University Animal Use and Care Committee.

Immunohistochemistry
After BAL, lungs were inflated with prewarmed OCT (VWR Scientific) and then embedded
in OCT, frozen on dry ice, and stored at −80°C as described previously (37). Lung tissue
sections (5 μm) were prepared and immunohistochemistry was done as described previously
(37) except that slides were incubated with 5 μg/ml primary Abs in 4% BSA-PBS for 60
min. Active caspase-3 staining was done overnight at 4°C. The lung sections were stained
for Ly6G (BD Biosciences) to detect neutrophils, CD11b (BioLegend) to detect infiltrating
macrophages and neutrophils, CD11c (MBL International) to detect lung-resident
macrophages and dendritic cells, CD206 (BioLegend) to detect the mannose receptor on
macrophages and dendritic cells, and CD107b (Mac3) (BioLegend) to detect alveolar and
tissue macrophages and granulocytes, cleaved caspase-3 (Cell Signaling Technologies) to
detect activated caspase-3, and isotype-matched mouse or rabbit irrelevant Abs as controls.
Slides were then washed three times with PBS for 30 min and incubated with 5 μg/ml
biotinylated mouse F(ab′)2 anti-rat IgG or 5 μg/ml biotinylated donkey F(ab′)2 anti-rabbit
IgG in 4% BSA-PBS for 30 min. Slides were then washed three times in PBS for 30 min and
incubated with a 1:500 dilution of streptavidin-alkaline phosphatase (Vector Laboratories) in
4% BSA-PBS for 30 min. Staining was developed with a VectorRed alkaline phosphatase
kit (Vector Laboratories) for 10 min. Slides were then mounted as described previously (37).
Five or ten 450-μm fields of view were counted for Ly6G-stained or active caspase-3–
stained positive cells, respectively. Areas containing large blood vessels and bronchioles
were excluded from analysis.

Neutrophil survival
Isolated neutrophils were cultured in RPMI 1640 containing 10% (v/v) FBS and 2 mM
glutamine in 96-well tissue culture plates at 37°C for 20 h, as described previously (38).
Neutrophils were cultured in the presence or absence of 25 ng/ml human IL-8, human TNF-
α (both from PeproTech), or 400 ng/ml DPPIV. After 20 h, neutrophils were labeled with
annexin V (BioLegend) and propidium iodide (Sigma-Aldrich) according to the
manufacturers' instructions to identify early and late stages of cell death. Additionally,
cytospin preparations were used to assess for morphological changes associated with
apoptosis, as described previously (38–40).
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Statistical analysis
Statistics were done using Prism (GraphPad Software, San Diego, CA). One-way ANOVA
was used to compare between multiple groups and a Student t test was used to compare
between two groups.

Results
AprA has structural similarity to the human protein DPPIV

AprA has little sequence similarity to any mammalian protein (11). Using I-TASSER, we
generated a predicted structure for AprA (Fig. 1). The Dali server, used to compare protein
structures, composes a list of the proteins with the most structural similarity to the query
protein. The proteins with the top structural similarities to the predicted structure of AprA
were cephalosporin C deacetylase (a β-lactamase from the fungus Acremonium), acetyl
xylan esterase (from the bacteria Bacillis pumilus, which cleaves carboxyl-ester bonds),
acylamino acid–releasing enzyme (from the Archaea Aeropyrum pernix K1, which cleaves
acylated terminal amino acids), and DPPIV (human soluble form, which cleaves terminal
amino acids with proline or alanine in the second position). AprA has an 11% structural
identity to the entire structure of soluble human DPPIV (Fig. 1, the α/β hydrolase domain of
DPPIV is shown). Because DPPIV, similar to AprA, can be found as an extracellular
protein, these results suggested that AprA might have functional similarity to DPPIV or vice
versa.

Neutrophils show biased movement away from a source of DPPIV
AprA functions as a chemorepellent of Dictyostelium cells (13). Dictyostelium and
neutrophils share many properties of chemotaxis (41, 42). Therefore, we hypothesized that
DPPIV may regulate human neutrophil motility owing to its structural similarity to AprA.
To examine neutrophil chemotaxis in gradients of DPPIV, we used an Insall chamber. When
neutrophil movement was tracked for 10-min periods, there was no bias of movement in the
media control (Fig. 2A, Supplemental Fig. 1). A biased movement away from a source of
DPPIV was observed (Fig. 2B, Supplemental Fig. 1). Cells were tracked, and the average
center of mass observed for the endpoints of cells in each population was determined. The
center of mass of cell endpoints showed displacement away from the source of DPPIV (Fig.
2, Supplemental Fig. 1). The concentration of DPPIV in human blood ranges from 400 to
800 ng/ml, or 4.7–9.4 nM (43, 44). Therefore, we tested the ability of DPPIV to affect
neutrophil migration above, below, and within this concentration range. Neutrophils showed
biased movement away from higher concentrations of rDPPIV in a variety of DPPIV
concentration gradients (Table I). An equal concentration of DPPIV in both wells of the
chamber resulted in no biased directional movement of neutrophils (Table I). The presence
of DPPIV affected directionality, although not in any systematic manner (Table I). Because
we used different sets of donors for each gradient concentration, the directionality in the
media controls vary somewhat within the different sets of experiments. TNF-α–stimulated
neutrophils also migrated away from DPPIV (Table I). For unknown reasons, some of the
cells appeared to move toward the higher concentration of DPPIV. In Fig. 2B, two such cells
can be seen. The fraction of cells exhibiting this anomalous behavior was not obviously
affected by the amount of DPPIV in the gradient (Table I). Collectively, these data indicate
that a gradient of DPPIV causes chemorepulsion of neutrophils.

DPPIV gradients affect the probability of directional movement but do not affect cell speed
We also examined the ability of DPPIV to affect cell speed and directional movement using
the cell-tracking data. A gradient of DPPIV did not affect cell speed, and speeds were
consistent with previous measurements of neutrophil migration (Table II) and were similar
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to neutrophil speed observed in gradients on fMLP in an Insall chamber (30.2 ± 3.6 μ/min)
(45, 46). PA and PT can be defined as the probability that a cell would move away from or
toward a source of DPPIV, respectively, in a 13-s interval (13). In gradients of DPPIV, with
the exception of a 9.4–23 nM gradient, either PT was significantly less or PA was
significantly more than the control (Table III). The probability of a cell moving toward or
away from DPPIV was similar to the control when equal concentrations were present on
either side of the chamber (Table III). DPPIV did not significantly affect P0, the probability
that a cell did not move in a 13-s interval. These results indicate that although a gradient of
DPPIV does not significantly affect cell speed, it does affect the movement of a cell toward
or away from the source of DPPIV.

Neutrophil chemorepulsion is sensitive to DPPIV enzyme inhibitors
DPPIV enzyme activity has been implicated in the chemotaxis of several types of immune
cells through cleavage of human chemokines (25, 47–49). To determine whether DPPIV
enzyme activity affects DPPIV-induced neutrophil chemorepulsion, we used two enzyme
inhibitors of DPPIV, diprotin A and DPPI 1c hydrochloride (50, 51). The inhibitors alone
caused no attraction or repulsion of human neutrophils (Fig. 3). When either of the inhibitors
was added with DPPIV, the chemorepulsion of neutrophils away from the source of DPPIV
was significantly reduced compared with DPPIV alone (Fig. 3). This suggests that DPPIV
inhibitors block the ability of DPPIV to induce neutrophil chemorepulsion.

DPPIV does not appear to cleave albumin
Several possibilities exist to explain why DPPIV enzymatic activity seems to be required for
neutrophil chemorepulsion. In addition to DPPIV directly regulating neutrophil
chemorepulsion, DPPIV could cleave a component of the media, creating a breakdown
component of BSA that acts as a chemorepellent. To determine whether a component of the
media was broken down by rDPPIV, BSA-RPMI 1640 or human albumin-RPMI 1640 was
incubated with rDPPIV for 3 h. Although BSA is not pure, the human albumin media appear
to contain only human albumin and DPPIVas protein components (Fig. 4A, 4B). In both
cases, there was no indication of cleavage products accumulating over time or when time
points are compared in the presence and absence of rDPPIV (Fig. 4A, 4B).

Purified neutrophils are chemorepulsed by DPPIV
A protein or peptide released by contaminating cells into the media and then cleaved by
DPPIV could also act as the chemorepellent. Neutrophils were further purified after
isolation, resuspended in pure human albumin, and assayed for chemorepulsion from
DPPIV. Both the number of contaminating eosinophils and monocytes in the neutrophil
preparation decreased significantly following depletion (Fig. 4C). Neutrophils were 97%
pure following CD244 depletion, making a gradient of attractant or repellent from remaining
contaminating cells unlikely (Fig. 4C). Pure neutrophils showed a biased movement away
from rDPPIV (Fig. 4D). These data suggest that it is unlikely that DPPIV cleaves a
component of the media or from contaminating cells to induce chemorepulsion.

Conditioned medium from neutrophils does not affect chemorepulsion
Proteases on the neutrophil surface could create a neutrophil chemorepellent or cleave a
breakdown component of the media that acts as a chemorepellent. Additionally, neutrophils
could be releasing a chemorepellent or chemoattractant that is then affected by DPPIV. To
determine whether neutrophil proteins are responsible for the chemorepulsion effect,
neutrophils were incubated with DPPIV or an equivalent volume of buffer for 30 min at
37°C. Neutrophils were then collected by centrifugation, the conditioned media were
recovered, and media from the outer chamber of the Insall chamber were replaced with these
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conditioned media. Half of the conditioned medium from cells preincubated with DPPIV
was mixed with the DPPIV inhibitor DPPI 1c hydrochloride immediately before addition to
the Insall chamber. Conditioned media from buffer-treated cells or conditioned media from
DPPIV-treated cells that were mixed with the inhibitor failed to promote chemorepulsion of
neutrophils (Fig. 5A). Conditioned media from DPPIV-treated cells did promote
chemorepulsion of neutrophils (Fig. 5A). As determined by Western blots stained with anti-
DPPIV Abs, there was no detectable DPPIV present in conditioned media from buffer-
treated cells, whereas there was DPPIV present in the conditioned media from DPPIV-
treated cells (Fig. 5B). Taken together, these data suggest that DPPIV promotes neutrophil
chemorepulsion, rather than cleaving a component of the media or a substrate secreted from
cells.

DPPIV reduces the number of neutrophils in lungs of mice treated with bleomycin
Oropharyngeal aspiration of bleomycin in mice causes neutrophils to accumulate in the
lungs within 24 h of bleomycin administration (52). If DPPIV functions as a neutrophil
chemorepellent, then administering DPPIV to a tissue could drive neutrophils out of the
tissue or prevent their entry. We examined the ability of DPPIV to affect neutrophil
accumulation in the lungs of bleomycin-treated mice. Assuming the volume of liquid in the
airways of mouse lungs is not >0.1 ml, administering 0.9 μg DPPIV creates a DPPIV
concentration considerably greater than the DPPIV serum concentration of 0.4 μg/ml (53).
Mice were treated with bleomycin on day 0 and were treated with aspirated rDPPIV or an
equivalent volume of saline on day 1. Bleomycin is metabolized and excreted within 24 h,
so the DPPIV treatment at 24 h does not block the effect of bleomycin (54, 55). Three days
after bleomycin treatment, mice were euthanized and weakly adhered cells from the airways
were collected by BAL. Although the BAL from DPPIV-treated mice appeared to have
fewer total number of cells than did that from mice given bleomycin alone, this difference
was not significant (Fig. 6A). BALs from mice given rDPPIV following saline had
significantly fewer cells than mice given saline or bleomycin alone (Fig. 6A). Cell
morphology was used to determine the total number of neutrophils, macrophages, and
lymphocytes in the BAL. Significantly fewer neutrophils were present in the BALs from
bleomycin plus rDPPIV– and saline plus rDPPIV–treated mice compared with mice treated
with bleomycin alone (Fig. 6B). There was no difference in total macrophage or lymphocyte
numbers in the BAL between DPPIV-treated mice and their untreated counterparts (Fig.
6B). Following BAL, lungs were sectioned and stained with anti-mouse Ly6G to detect
neutrophils. There were significantly fewer Ly6G+ cells in the post-BAL lungs of mice
treated with bleomycin and then treated with DPPIV on day 1 than the post-BAL lungs of
mice treated with bleomycin alone (Fig. 6C, 6D). There was no difference in the numbers of
CD11b, CD11c, CD206, or CD107b (Mac3)-positive cells in the lungs of mice treated with
bleomycin compared with those treated with bleomycin and then treated with DPPIV (Fig.
6E), suggesting that the effect of DPPIV is specific to neutrophils.

DPPIV regulates glucagon-like peptide-1, which regulates glucose levels in the blood (56).
Inhibiting DPPIV affects glucose levels in mice (57). To determine whether oropharyngeal
aspiration of DPPIV at day 1 affected weight gain or serum glucose levels, we measured
weight change for 3 d and measured glucose levels in the blood of mice euthanized on day
3. Although not statistically significant, DPPIV administration appeared to rescue the weight
loss caused by bleomycin and had no significant impact on weight gain when administered
on day 1 to mice given saline on day 0 (Supplemental Fig. 2A). Additionally, DPPIV
administration had no significant effect on serum glucose levels at day 3 (Supplemental Fig.
2B). Taken together, our results indicate that DPPIV reduces the accumulation of
neutrophils in the lungs of mice but does not cause significant changes in weight or serum
glucose levels 2 d after administration.

Herlihy et al. Page 7

J Immunol. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DPPIV does not promote or inhibit neutrophil survival
The number of cells in any tissue is dependent on four factors: proliferation, death,
recruitment, and emigration (58). Because neutrophils are terminally differentiated cells,
proliferation is not likely to regulate neutrophil numbers in an inflammatory environment.
To determine whether the reduction in the number of neutrophils in DPPIV-treated lungs
was due to altered cell survival, we cultured human neutrophils in the presence or absence of
DPPIV for 20 h. In the absence of exogenous proteins, most neutrophils were apoptotic, as
determined by annexin V staining and morphological changes (Fig. 7A, 7B). The addition of
DPPIV had no significant effect on neutrophil survival (Fig. 7A–C). To determine whether
DPPIV was regulating neutrophil survival in vivo, we stained lung sections with Abs against
active caspase-3. Similar to previous observations in the presence or absence of bleomycin,
there was no difference in the number of cells labeled with active caspase-3 Abs with the
addition of DPPIV (Fig. 7D) (59). These data indicate that the reduction in the number of
neutrophils in the lungs of mice following DPPIV administration is unlikely to be due to
increased neutrophil cell death.

Discussion
We previously characterized AprA as an endogenous chemorepellent of Dictyostelium cells
(13). In this study, we identified structural similarities between AprA and human DPPIV and
found that DPPIV appears to act as a neutrophil chemorepellent at physiological
concentrations.

In the Insall chambers, we observed a strong DPPIV chemorepellent effect using a 0–100
ng/ml (0–1.2 nM) gradient. The gradient in the Insall chamber forms over a 970-μm gap.
Making the first-order assumption that the gradient is linear, DPPIV is effective at 0.10 ng/
ml/μm, or 0.0012 nM/μm. With an observed average neutrophil length of 10.5 μm
(consistent with previous observations) (60), a cell in the middle of the gradient would
correspond to a difference of 1.1 ng over the length of the cell at a place where the average
DPPIV concentration is 50 ng/ml. This would then represent a 2.2% difference in the
DPPIV concentration between the front and the back of the cell. For the 4.7– 11.7 nM and
the 9.4–23 nM gradients, the difference is 0.9%. This is similar to the 1.25% concentration
difference of cAMP that induces chemotaxis for aggregating Dictyostelium cells (45), or the
1% fMLP concentration gradient that induces neutrophil chemotaxis (61).

For unknown reasons, we observed that for all of the DPPIV gradients in the Insall
chambers, ∼17% of the neutrophils showed movement toward the source of DPPIV during
10 min. There was no obvious difference in the percentage of cells moving toward DPPIV
as a function of the DPPIV concentration gradient. This effect is strikingly similar to the
observation that 17% of Dictyostelium cells also move toward a source of AprA in the Insall
chambers (13). At the lowest gradient concentration used, the DPPIV concentration at the
middle of the gradient was 0.6 nM, or ∼110 DPPIV molecules per cell volume in the
extracellular environment. By Poisson statistics, there could be momentary conditions where
the cell does not detect the gradient or detects an “opposite” gradient. However, during 10
min all cells should detect the gradient. As the percentage of non-neutrophils in both isolated
and purified neutrophils is <17% of the total population, some portion of the backward-
moving cells must be neutrophils. The existence of cells moving backward thus indicates an
unknown heterogeneity in both Dictyostelium cells and human neutrophils.

Inhibitors that block the active site of DPPIV also blocked the ability of DPPIV to act as a
chemorepellent. It is possible that the inhibitors disrupt the DPPIV structure and therefore
disturb its ability to act as a ligand for a chemorepellent receptor. However, the crystal
structure of human DPPIVin a complex with diprotin A shows no significant structural
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difference compared with DPPIV alone (62). This suggests that the inhibitors block
chemorepulsion in some other manner, such as blocking the ability to cleave something in
the assay medium. In the Insall chamber assays, neutrophils were in RPMI 1640 containing
BSA or human albumin on a fibronectin surface. The only known enzymatic activity of
DPPIV is cleavage of two amino acids from the N terminus of a protein if the second amino
acid is a proline or alanine (26). RPMI 1640 does not contain proteins, and BSA and human
albumin do not have a proline or an alanine as the second amino acid. Additionally, no
cleavage products of BSA or human albumin were seen following incubation with rDPPIV
for 3 h. DPPIV does not cleave fibronectin (63). Following CD244 depletion, neutrophils
were 97% pure and rDPPIV was still able to cause repulsion, indicating that a factor
secreted by cells contaminating the neutrophil preparation is not likely responsible for the
effect. There are no known neutrophil-secreted neutrophil chemoattractants that are, or could
be, affected by DPPIV (25, 64–68). Conditioned media from neutrophils incubated with
buffer alone did not cause attraction or repulsion of neutrophils, supporting this idea.
Conditioned media from neutrophils incubated with DPPIV caused chemorepulsion of
neutrophils. The chemorepulsive activity of the conditioned media was lost with the addition
of a DPPIV inhibitor, suggesting that the chemorepulsive activity in the conditioned media
is due specifically to the presence of DPPIV activity. Although DPPIV-induced neutrophil
chemorepulsion appears to require the DPPIV active site, the chemorepulsion does not
appear to be caused by DPPIV's enzymatic activity on material in the medium, on
chemoattractants or repellents, or by components from cells.

DPPIV knockout mice have been generated (53) and rat strains lacking DPPIV have been
identified (69, 70). DPPIV-deficient animals have normal blood levels of most leukocytes,
including neutrophils (71–73). Arthritic joints in mammals contain abnormally high
numbers of neutrophils (74). DPPIV knockout mice have increased severity of
experimentally induced arthritis, with a 2.4-fold increase in the number of cells in the joint
(75). A 2-fold increase in neutrophils occurs in OVA-induced lung inflammation in DPPIV-
deficient rats compared with normal rats (76). Reduced levels of DPPIV correlate with
increased inflammation in the joints of rheumatoid arthritis patients (77). The increased
inflammation observed in DPPIV-deficient situations has been assumed to be due to a
persistent chemokine presence, as DPPIV was not present to cleave those chemokines that
have an alanine or proline as the second amino acid (78).

We found that oropharyngeal aspiration of DPPIV caused a reduction in the accumulation of
neutrophils, but not other immune cells, in the lungs of mice treated with bleomycin,
suggesting that the chemorepulsive effect of DPPIV is specific to neutrophils. Additionally,
the reduction in neutrophils was not due to increased neutrophil death. Our data suggests an
alternative hypothesis to the persistence of chemokines in a tissue. We hypothesize that
DPPIV acts directly as a neutrophil chemorepellent. Following neutrophil influx, activated T
cells enter a site of inflammation (79). Activated T cells highly express membrane DPPIV,
and extracellular DPPIV is thought to be cleaved from the membrane of T cells (22). An
increase in extracellular DPPIV could promote neutrophil egress from the inflammatory site.
In the resolution of zebrafish wounds, neutrophils are able to move out of the tissue and
back into the vasculature (80). An intriguing possibility is that T cell–released DPPIV may
help cause the egress of neutrophils out of the lung tissue to resolve lung inflammation.
Some lung diseases such as acute respiratory distress syndrome involve an excess number of
neutrophils in the lungs (81). The ability of DPPIV to induce neutrophil chemorepulsion
suggests the existence of new mechanisms that may be used to treat these diseases.
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Figure 1.
Superimposition of the predicted structure of AprA with the structure of the α/β hydrolase
domain of human DPPIV. The catalytic domains of DPPIV (the α/β hydrolase domain of
Protein Data Bank ID 1J2E) and AprA (predicted structure) were superimposed and the
catalytic triads highlighted. The α/β hydrolase domain of DPPIV is shown in green and its
catalytic triad (Asp708, His740, and Ser630) is orange. The predicted structure of AprA is
shown in cyan and its potential catalytic triad (Asp288, His319, and Ser195) is blue. The β-
propeller domain of DPPIV was removed for simplicity because the predicted structure of
AprA had no overlap with this domain.
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Figure 2.
Human neutrophils show biased movement away from rDPPIV. Neutrophil migration was
measured in the (A) absence or (B) presence of a 0–1.2 nM rDPPIV gradient. Neutrophils
were filmed and tracked (see Methods and Materials) during 10-min periods. Orientation is
such that the source of rDPPIV is on the left. Graphs are data from one of three independent
experiments (see Supplemental Fig. 1 for the other two experiments). Red dots represent the
average center of mass for the ending positions of all cells.
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Figure 3.
Inhibitors of DPPIV reduce the chemorepulsion of neutrophils away from DPPIV. The
forward migration index is shown for a gradient of DPPIV, fMLP, two DPPIV inhibitors, or
DPPIV with the inhibitors. Values are means ± SEM (n = 3). *p < 0.05 compared with a
gradient of DPPIV (by t test).
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Figure 4.
Purified neutrophils are chemorepulsed by DPPIV. (A) BSA-RPMI 1640 (2%) or (B) 2%
human albumin-RPMI 1640 was incubated with (+) or without (−) 300 ng/ml rDPPIV for 3
h. Time at which samples were taken is given in minutes. Gels were silver stained to identify
cleavage products. Molecular masses in kilodaltons are indicated at left, * indicates the
position of DPPIV, and the arrow indicates the position of albumin. (C) Isolated neutrophils
were further purified by CD244 depletion. Purity was determined by morphology. Values
are means ± SEM (n = 7). **p < 0.01, ***p < 0.001 for percentages after depletion versus
percentages before depletion (by t test). (D) The forward migration index is shown for a
DPPIV gradient on purified neutrophils in 2% human albumin-RPMI 1640 buffer. Values
are means ± SEM (n = 7). **p < 0.01 versus values from the control (two-tailed unpaired t
test). Eos, eosinophils; Lympho, lymphocytes; Mono, monocytes; PMN, polymorphonuclear
neutrophil.
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Figure 5.
Effect of neutrophil-conditioned media on chemorepulsion. (A) The forward migration
index is shown for gradients of conditioned media from DPPIV-treated neutrophils (DPPIV
CM), gradients of this material treated with DPPIV inhibitor, and gradients of conditioned
media from buffer-treated neutrophils (Buffer CM). Values are means ± SEM (n = 4). *p <
0.05, **p < 0.01 versus values from the control (two-tailed unpaired t test). (B) A Western
blot of conditioned media using anti-DPPIV Abs. The position of molecular mass standards
(in kilodaltons) is indicated on the left.
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Figure 6.
DPPIV reduces the number of neutrophils in bleomycin-treated lungs. Mice were treated
with 3 U/kg bleomycin by oropharyngeal aspirat ion on day 0. On day 1, mice were treated
with oropharyngeal aspiration of 0.9 μg human rDPPIV or an equal volume of buffer. Mice
were sacrificed on day 3 and cells were collected by BAL. (A) The total number of cells
collected from the BAL. Values are means ± SEM (n = 4 for bleomycin and bleomycin plus
DPPIV; n = 3 for saline and saline plus DPPIV). *p < 0.05 (t test) (B) The total number of
neutrophils, macrophages, and lymphocytes obtained in the BAL for the above experimental
groups. Values are means ± SEM (n = 4 for bleomycin and bleomycin plus DPPIV; n = 3 for
saline and saline plus DPPIV). *p < 0.05, **p < 0.01 (by paired one-tailed t test). (C) Lung
sections were stained with anti-mouse Ly6G to detect neutrophils. Arrows indicate Ly6G+

cells. Scale bars, 50 μm. (D) Counts of Ly6G+ cells in lung sections. Values are means ±
SEM (n = 4 for bleomycin and bleomycin plus DPPIV; n = 3 for saline and saline plus
DPPIV). *p < 0.05 (by paired two-tailed t test. (E) Counts of CD11b, CD11c, CD206, or
CD107b (Mac3)-positive cells in lung sections. Values are means ± SEM (n =3). *p < 0.05,
**p < 0.01 (by paired two-tailed t test).
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Figure 7.
DPPIV does not regulate neutrophil survival. Human neutrophils were incubated for 20 h in
the presence or absence of TNF-α, IL-8, or DPPIV. Values are means ± SEM. (A)
Neutrophils were identified by their forward and side scatter characteristics and the number
of propidium iodide− cells were counted by flow cytometry (n = 4). (B) The percentage of
annexin V+ neutrophils was determined by flow cytometry (n = 3). (C) The percentage of
apoptotic neutrophils was assessed by counting nuclei with apoptotic morphology on
cytospin preparations (n = 3). *p < 0.05 (one-way ANOVA). (D) Counts of activated
caspase-3 in lung sections (n = 3).
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Table II
Effect of DPPIV on the average cell speed (μm/min) of neutrophils

rDPPIV gradient (nM) Media control (0 nM rDPPIV) rDPPIV

0–1.2 27 ± 1 26 ± 1

0–3.5 23 ± 1 23 ± 1

0–11.7 24 ± 2 25 ± 2

4.7–4.7 17 ± 1 16 ± 1

4.7–11.7 17 ± 1 18 ± 2

9.4–23 17 ± 1 17 ± 1

The data from at least three independent sets of cell population tracks (see Fig. 2 and Supplemental Fig. 1) were used to determine the average
speed of neutrophils. Values are means ± SEM (n = 3 or more).
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