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A B S T R AC T Cultured mononuclear cells (MNC)
from individuals homozygous or heterozygous for the
defective gene causing the inherited disease cystic
fibrosis (CF) synthesize three unusual "mediators"
termed ciliary dyskinesia substances (CDS), which
markedly affect tracheal mucociliary systems in vitro.
MNCcultures from normal healthy controls do not
accumulate any CDS, whereas MNCcultures from
non-CF patient controls with pulmonary disease syn-
thesize at least one CDS. The possible involvement
of the CDS in pulmonary disease is being investi-
gated. In this study, we sought to determine whether
the CDS could be chemoattractants for polymorpho-
nuclear neutrophils (PMN), since they have char-
acteristics in common with known chemoattractants
generated by alveolar macrophages. Our analyses of
crude MNCculture supernates indicated that cultures
from both CF genotypes accumulate significantly
higher levels of PMNchemoattractants than do anal-
ogous cultures from normal healthy controls. CF
homozygote MNCalso generated more activity than
MNCfrom patient controls with chronic pulmonary
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disease. Fractionation of MNCculture supernates by
gel permeation chromatography and characterization of
active fractions demonstrated six distinct PMNchemo-
attractants in cultures from CF genotypes; five were
also present in patient control and four in normal
healthy control cultures. The excessive chemoat-
tractant activity in MNCcultures from CF genotypes
and patient controls was due to several different
substances produced by monocytes: (a) two com-
ponents of 1,000-3,500 mol wt, (b) two fragments of
C5, and (c) a fragment of C3. One C5 fragment had
ciliary dyskinesia activity, the other did not. The C3
fragment chemoattractant also had ciliary dyskinesia
activity and was not found in MNCcultures from pa-
tient controls. A third CDS, which is CF-specific
(5,000 mol wt), was neither chemotactic nor chemo-
kinetic and did not inhibit random PMNmigration;
however, fractions containing this CF-specific CDS
completely inhibited PMNchemotaxis in response to
three different chemoattractants. Weconclude that all of
the CDS can potentially play a role in the patho-
physiology of lung disease, as judged by their ef-
fects on PMNmovement in vitro.

INTRODUCTION

Chronic pulmonary disease is the major cause of
morbidity and mortality in patients with cystic fibrosis
(CF),1 the most common inborn error of metabolism

'Abbreviations used in this paper: BSA, bovine serum
albumin; CDS, ciliary dyskinesia substance; CF, cystic
fibrosis; CI, chemotactic index; CKI, chemokinetic index;
MIc, cellular chemotactic migration inhibition index; MIS,
sample chemotactic migration inhibition index; MNC, mono-
nuclear cells; MO, macrophage(s); PBS, phosphate-buffered
saline; PMN, polymorphonuclear neutrophils.
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affecting the Caucasian population (1, 2). The patho-
genesis of the obstructive phase of pulmonary disease
in CF is complicated by the production of abnormal
mucous secretions and recurrent bacterial infections
(particularly with Staphylococcus aureus and Pseudo-
monas aeruginosa), but there is both direct and indirect
evidence that much of the damage may be caused by
excessive migration of polymorphonuclear neutrophils
(PMN) into the lung (1, 3). According to Wood et al.
(1), the extent of PMNinfiltration does not correlate
with the clinical state of the CF patient, suggesting
the presence of a chronic inflammatory process even
in those patients with clinically minimal disease and
thus the possibility of some fundamental aberration
in the inflammatory process.

The inflammatory response is an important normal
host defense mechanism in the lungs for the contain-
ment and clearance of infectious agents, and alveolar
macrophages (MO) are generally considered to be
the phagocytes that make initial contact with foreign
material (4). PMN infiltration seems to occur after
the activation of alveolar MOby contact with foreign
materials and is prompted by the elaboration of PMN
chemoattractants by MO (5-7). Mammalian M4
generate at least three PMNchemoattractants; one is a
fragment of C5 (15,000 mol wt) derived by enzymatic
cleavage of complement component C5 (5), and the
other two are peptides of 10,000 and -1,000-3,000
mol wt, respectively (5-7).

It is known that mononuclear cells (MNC) from
both CF homozygotes and heterozygote carriers of the
CF gene (CF genotypes) synthesize three unusual
"mediators", termed "ciliary dyskinesia substances"
(CDS) (8, 9). The CDSare similar in molecular weight
to the MO-derived PMNchemoattractants noted above.
In addition, both groups of substances are peptides
and are generated by purified monocytes (MO) in
vitro (5-9). One CDS (5,000 mol wt) found only in
cultures of MNCof CF genotypes (the "CF-specific
CDS"), is also synthesized by T lymphocytes (9).
At least one of the other two CDS may be made by
MNCfrom patient controls with pulmonary disease;
however, they are not made by MNCfrom normal
healthy controls (8, 9). In vitro these CDS promote
disruption of normal ciliary synchrony (i.e., dyskinesia
or ciliostasis) in rabbit tracheal epithelial explants
(9), an effect that may be secondary to their action on
metabolic systems governing intracellular levels of
Ca++ and K+ (10). An analogy may be drawn between
the CDS and the MO-derived chemoattractants here
also, since it is known that upon binding to PMN,
chemoattractants induce several biochemical changes
that lead to alterations in intracellular levels of K+ and
Ca++ (11). The above similarities between the CDS
and the chemoattractants produced by MOprompted us
to investigate whether the CDScould be PMNchemo-
attractants.

METHODS

Blood saimples. Heparinized venous blood (50 U/ml Pan-
heparin, preservative-free, Abbott Laboratories, North Chi-
cago, Ill.) was obtained from 17 CFhomozygotes, 17 heterozy-
gote carriers for CF (parents of the patients with CF), 15
age-matched normal healthy controls, and 9 individuals (pa-
tient controls) with pulmonary disease (7 with chronic ob-
structive pulmonary disease, 1 with bronchial asthma, and 1
infected with Mycobacterium fortuitum) who were neither
homozygous nor heterozygous for the CF gene as deter-
mined by analysis of their serum for the genetic marker
cystic fibrosis protein (12), and by a negative family history
for CF.

Cell culture. Short-term culture (6 d) of phytohemlag-
glutinin-stimulated MNCor purified T lymphocytes (>99%
pure) was performed by methods outlined in detail in re-
cent publications (8, 9). T lymphocyte and MNCcultures
consisted of 1.0-ml aliquots containing 106 cells per ml of
standard culture medium (RPMI-1640 medium containing anti-
biotics and 1.0% bovine serum albumin, BSA) (9). Mono-
cytes (>97% plastic adherent, phagocytic, acid-phosphatase-
positive MNC) were purified from MNCand cultured for
4 d at 8 x 105 monocytes/2.0 ml in standard culture medium
(RPMI-BSA) (9). Cell-free medium was obtained by filter-
ing the cultures through a 0.45-,um prewashed (with unused
medium) needle filter (Acrodisc, Gelman Sciences, Inc.,
Ann Arbor, Mich.). The medium was then split into multiple
aliquots and frozen at -70°C until used for the experiments
outlined below.

Detection of ciliary dyskinesia activity. Substances with
ciliary dyskinesia activity were detected with a rabbit
tracheal bioassay as described previously (8, 9). Uncon-
centrated samples were scored as active if they promoted
disruption of normal ciliary synchrony (dyskinesia) within
35 min after application of the sample (8, 9).

Chromatography. Bio-gel P-10 gel (Bio-Rad Laboratories,
Richmond, Calif.) permeation chromatography was performed
using a calibrated 1.0 x 100-cm column and phosphate-
buffered saline pH 7.2 (PBS) as eluent, as described previ-
ously (8, 9). Sephadex G-100 gel permeation chromatog-
raphy was performed using a calibrated 1.2 x 100-cm column
and 0.02 M ammonium bicarbonate acetic acid buffer, pH
7.2. Where noted in Results, acidification (pH 3.7) of culture
supernates before chromatography was accomplished by add-
ing an aliquot of 1.0 M glycine-HCl buffer (8). All of the
CDS are normally complexed to macromolecular carriers
(such as immunoglobulin (Ig)G when found in MNCcultures,
but can be dissociated from their carriers by acidification
and isolated by chromatography of the acidified mixture on
a column of Bio-gel P-10; they are fully active and behave
identically to the products made by CF monocytes and T
lymphocytes (8, 9).

Individual tubes of the effluents were pooled as indicated
in Results. These fractions were lyophilized and then re-
constituted in water and dialyzed against PBS to equilib-
rium (24-36 h, except as noted below) before testing for
chemotactic activity or ciliary dyskinesia activity (8). Dialysis
tubing that retains substances of .3,500 mol wt was used
exclusively, to prevent the loss of any CDSor low-molecular
weight chemoattractants (Spectrapor 3 dialysis membrane
tubing, Spectrum Medical Industries, Los Angeles, Calif.)
(8). To ensure against the loss of potential chemoattractants
in Bio-gel P-10 fractions VI and VII (see Results), these
fractions were dialyzed for only 4 h against PBS. Under these
conditions the phenol red marker (354 mol wt) present in
fraction VII was not lost from the inside of the dialysis bag.

Unused cell-free culture medium (either fresh or incubated
for 6 d at 37°C) and PBS were evaluated as controls in hoth
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the rabbit tracheal bioassay and chemotaxis assays, as were
column fractions from controls analogous to those generated
from CF genotypes.

Neutrophil cheemotaxis. Neutrophil chemotaxis under
agarose was assayed using purified PMN (>99% pure) as
described previously, differing only in that the agarose plates
contained 0.5% BSA instead of human serum albumin and
agarose-activated normal human serum served as the standard
chemoattractant (agarose is as chemotaxigenic as zymosan)
(13). The degree of chemotactic activity in each sample
was calculated as a chemotactic index (CI), where

area of migration (square millimeters) toward attractant well
= (containing human serum or other test solutions)

area of miiigration (square millimiieters) toward control

- 1.0.

A CI value of zero indicates no chemotactic activity. Werou-
tinely subtracted 1.0 from the raw CI values to eliminate the
contribution of randomly migrating PMNto the area calcu-
lated for directed PMN migration. The control well was
filled with either standard medium or PBS, depending on
the mixture to be evaluated.

Effect.s of antitsera anid heating. To determine whether
any of the CDS or chemiioattractants were affected by anti-
bodies specific for the fifth component of human complement
(C5) or the third component of human complement (C3)
(anti-C5 and anti-C3 respectively) or were inactivated by
heating, the methods of Kazmierowski et al. (5) were fol-
lowed with modification. Briefly, to study the effects of
heating, aliquots of column-purified CDSor chemoattractants
were heated in sealed tubes in a water bath at 56°C for 45
min. The samples were then allowed to cool to room tempera-
ture before testing. To study the effects of anti-C3 or anti-C5,
100-/,l aliquots of column-purified CDSor chemoattractants
were incubated for 60 min at 37°C and then for 240 min at
4°C with an excess (20 ALI) of goat antiserum specific for
either human C5 or C3 (Meloy Laboratories, Inc., Spring-
field, Va.). The anti-C3 and anti-C5 were heated at 56°C for
60 min before use. Control tubes contained (a) identical
active aliquots incubated at 37°C and 4°C with 20 ,ul of PBS
added rather than antiserum, and (b) 100 plI of PBS to which
20 gl of antiserum was added. The anti-C3 and anti-C5 were
verified to be monospecific for human C3 or C5, respec-
tively, by double immunodiffusion and immunoelectro-
phoresis.

Chenlokinetic activity. To evaluate the possible chemo-
kinetic activity of the CF-specific CDS [contained in Bio-gel
P-10 fraction V from acidified culture medium of CF geno-
types (see Results and ref. 9)], aliquots of fraction V from
medium of MNCcultures of all donor types were dialyzed
against water to remove electrolytes and then lyophilized and
reconstituted in standard medium at a final concentration of
either 2, 1, or 0.5 times compared to the original volume (i.e.,
the product from 106 cells in 1 ml). PMNwere preincubated
in the reconstituted aliquots for 15 to 30 min or mixed with the
aliquots just prior to being placed in the central cell well (0-
min preincubation) of each set on the agarose plates (13).

L-ascorbic acid (Ascorbate, Sigma Chemical Co., St. Louis,
Mo.), which is chemokinetic (promotes enhanced random
migration), but not chemotactic (14), was used (in medium)
as a standard for evaluating the effects of fraction V com-
ponents on random PMNmigration. Chemokinetic activity
was expressed as a chemokinetic index (CKI), where

area of random migration (square millimeters)
CKI = of PMNmixed with ascorbate or fraction V

area of random migration (square millimeters)
of PMNmixed with standard medium only

Effects of CF-specific CDSon directed migration of PMN
in response to chemotaxins purified from culture me-
dium. To determine whether the CF-specific CDSpresent
in Bio-gel P-10 fraction V of acidified culture medium could
inhibit PMNchemotaxis, two types of experiments were per-
formed. In one series of experiments, Bio-gel P-10 fraction V
from untreated or acidified culture medium was mixed with
other Bio-gel P-10 column fractions (I, II, or VI) containing
PMNchemoattractants, and the resultant mixture was pipetted
into the attractant well. To quantitate inhibitory effects, an
MIS value (sample chemotactic migration inhibition index)
was calculated, where

CI obtained for PMNmovement in response to the
chemoattractant mixed with Bio-gel P-10 fraction V

CI obtained for PMNmovement in response
to the chemoattractant alone

In another series of experiments, PMNwere incubated with
aliquots of Bio-gel P-10 fraction V obtained by chroma-
tography of either untreated or acidified culture medium, for
0, 15, or 30 min as described for evaluating potential chemo-
kinetic activity, except that the ability of the PMNto respond
to chemotaxins placed in the attractant well was evaluated
concurrently with the effects of substances in fraction V on
random migration (movement toward the medium or PBS
well). To quantitate these inhibitory effects, an MIc value
(cellular chemotactic migration inhibition index) was cal-
culated, where

CI obtained for PMNpreincubated
with Bio-gel P-10 fraction V

CI obtained for PMNpreincubated
in standard medium

All types of Bio-gel P-10 fraction V and various types of Bio-
gel P-10 fractions I, II, and VI (i.e., from different MNC
donors) were evaluated in both studies.

Statistical analysis. All data are expressed as mean+SD.
Student's t test (two-tailed) was used to determine the sig-
nificance of the results.

RESULTS

Chemotactic activity and ciliary dyskinesia activity
in mononuclear cell culture medium. Significant
amounts of PMNchemoattractant activity were found
in MNCculture supernatants from all subjects studied
(Fig. 1). Cultures from CF genotypes or patient
controls, however, had significantly more activity than
normal healthy control cultures (P < 0.001). In addi-
tion, the level of activity in CF homozygote cultures
was significantly higher than in heterozygote carrier (P
< 0.001) or patient control cultures (0.01 < P < 0.025).
The level of activity in heterozygote carrier cultures
was about the same as that found in patient control
cultures (Fig. 1). When aliquots of the same MNCcul-
ture supernates were evaluated for the presence of
CDSby recording the time required for each sample to
promote ciliary dyskinesia [a measure of relative
potency with respect to dyskinesia activity (8)], a trend
similar to that noted above for the magnitude of the
chemotactic activity was found for the same groups of
subjects. MNCcultures from CF homozygotes con-
tained more ciliary dyskinesia activity than cultures
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FIGURE 1 Neutrophil chemotactic activity in cell-free medium obtained from 6-d cultures of
mononuclear leukocytes (106/ml) stimulated with phytohemagglutinin. The chemotatic activity
is indicated as a CI. 0, represents the mean value for an individual culture analyzed on three
separate occasions. 0, is the group mean (±SD). The CI value for the medium-only control was

0.02±0.01 (mean±SD for 50 determinations). Human serum which served as a control in each
experiment was 8.93±1.60 (100 determinations).

from heterozygote carriers (mean± SD for time of onset
of dyskinesia was 8.0±+8.0 min vs. 20.0+10.0 min),
whereas patient control cultures contained as much
activity as heterozygote carrier cultures (23+ 7 min). As
expected (8), normal healthy control cultures were

routinely devoid of ciliary dyskinesia activity (no re-

action by 35 min, the end of the observation period).
This general concordance between the magnitude of
chemoattractant activity and ciliary dyskinesia activity
in each group of subjects tested seemed to support a

notion that the CDScould be PMNchemoattractants.
Further support for this supposition was sought by
partially purifying the chemoattractants present in
MNCculture supernates by gel permeation chromatog-
raphy and evaluating each fraction obtained for
chemoattractant and ciliary dyskinesia activities.

Gel permeation chromatography. A typical elution
profile is shown in Fig. 2 (top panel) for the fractiona-
tion of untreated or acidified MNCculture medium

on Bio-gel P-10. Significant levels of PMNchemo-
attractants were found in fraction I (.20,000 mol
wt), fraction II (15,000 mol wt), and fraction VI
(1,000-3,500 mol wt) from untreated medium from
all cultures. Fraction VI from normal control cultures
contained only one-half to one-third the chemo-
attractant activity found in fraction VI from any of the
other groups evaluated (P < 0.001); both the normal
control and heterozygote carrier cultures contained
less chemoattractant activity in fraction II than did
cultures from CFhomozygotes or patient controls (Fig.
2, lower panels). Acidification of aliquots of the same

cultures prior to chromatography produced no signifi-
cant changes in the levels of PMNchemoattractants
found in fraction II or VI from normal controls but did
result in the elution of increased levels of chemo-
attractants in these same fractions from CF genotypes
or patient controls (Fig. 2). In addition, significant
levels of chemoattractants were found in fraction III

FIGURE 2 Typical elution profiles for 2.0 ml untreated (0) or acidified (0) mononuclear leukocyte
culture medium from a Bio-gel P-10 column (upper panel). Protein absorbance at 280 nm was

recorded and the column was calibrated with substances of known molecular weight (mw) as

indicated. Tube volumes of 1.8 ml were collected and the effluent was divided into seven fractions
(I to VII) for analysis. Vo, void volume. The lower four panels show the results from assays of
fractions I to VII from untreated (O) or acidified (U) culture medium for PMNchemoattractants or

CDA. The ordinate for each panel indicates the magnitude of the PMNchemoattractant activity
present, expressed as a CI. The abscissa indicates the concentration at which the reconstituted
fraction was tested (relative to the original concentration, which is the activity from 1.0 x 106
cells/ml) and whether the fraction produced ciliary dyskinesia when tested at the highest con-

centration shown (+, activity present; -, no activity). Data shown are mean+SDfor fractions from
three different donors. Aliquots of culture medium from the same subjects were used to compare

the results obtained from untreated and acidified culture medium.
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from acidified medium from both CF genotypes and
patient controls. In contrast, almost no chemotactic
activity was found in fraction III from normal control
cultures (Fig. 2, lower panels). The levels of chemo-
attractants in fraction I were unaffected by acidifica-
tion, and all cultures contained approximately the same
amount of chemotactic activity in this fraction.

The results of our analyses of all Bio-gel P-10 column
fractions for ciliary dyskinesia activity are also shown in
Fig. 2 (lower panels). Only fraction I from untreated
medium of cultures from CF genotypes and patient
controls contained ciliary dyskinesia activity. There-
fore, the fraction II and fraction VI chemoattractants
from untreated culture medium are not CDS. In addi-
tion, it would appear that when the CDS are com-
plexed to macromolecular carriers [as they are in un-
treated MNCculture medium (8)], they are not chemo-
tactic for PMN, since the level of PMNchemoattractants
in fraction I was similar for all cultures studied
(Fig. 2).

Acidification of MNCculture medium is known to
release the CDS from their macromolecular carriers
and allows for their separation by Bio-gel P-10 chro-
matography (8; see Methods). CDSwere found in Bio-
gel P-10 fractions II, III, and V (5,000 mol wt) from
acidified medium of CF genotypes and in fractions II
and III from patient controls (Fig. 2, lower panels).
The fact that fractions II and III both contained in-
creased chemotactic activity when they contained
CDS (compare CI values for fractions from untreated
and acidified medium) indicated to us that at least two
of the CDSmay be PMNchemoattractants in their free
state. In sharp contrast to this finding were the results
for fraction V from CF genotypes containing the CF-
specific-CDS (8, 9), which had no chemotactic activity
when tested at a concentration of 0.20 to 1.0 (Fig. 2).

Effects of CF-specific CDSon random and directed
PMNmigration. To exclude the possibility that the
CF-specific CDS (or other components in fraction V)
might be present at such a high concentration that it
could inhibit PMNmovement by "deactivating" the
PMN(15), we tested fraction V from acidified medium
from CF genotypes over a range of concentrations
from 2-fold to 1.0 x 10-4-fold. No chemotactic activity
could be detected at any concentration. We next
explored the possibility that the CF-specific CDS
might be chemokinetic for PMN. The CF-specific
CDSwas not chemokinetic and did not inhibit random
PMN migration regardless of the concentration of
fraction V (2-fold to 0.1-fold) or the incubation time
(0, 15, or 30 min). (All CKI values were not signifi-
cantly different from 1.0). In contrast, ascorbate pro-
moted significant enhanced PMN migration when
tested over a range of concentrations (1.0 to 10 mM).
The magnitude of the CKI value was directly de-
pendent on the concentration of ascorbate used and

the time of preincubation. The most pronounced
effect was observed when the PMNwere preincubated
in 5.0 M ascorbate for 30 min (mean CKI+SD for
five experiments was 3.10±0.15). Ascorbate at 10
mMproduced CKI values slightly <5 mM.

The effects of fraction V containing the CF-specific
CDS on PMNmigration were further evaluated in
two series of experiments in which we studied the
ability of the CF-specific CDS to inhibit directed
PMNmigration in response to the chemoattractants
present in Bio-gel P-10 column fractions I, II, and
VI. In the first series of experiments we tested the
effects of mixing fraction V (unconcentrated or 2.0-
fold concentrated) from untreated or acidified medium
of all four types of donors with fraction I, II, or VI
(unconcentrated). Aliquots of fraction V were dialyzed
against water to remove electrolytes, lyophilized, and
then reconstituted in an appropriate volume of the
fraction containing the chemoattractant, and the mix-
ture was placed in the attractant well. The results can
be summarized as follow: (a) Fraction V from un-
treated cultures did not significantly affect PMN
chemotaxis regardless of the concentration used, the
identity of the cell donor, or the chemoattractant
studied (Fig. 3; all MIS values were >0.80. Data for
normal healthy controls and patient controls is not
shown). (b) Fraction V from acidified medium of nor-
mal control or patient control cultures did not contain
significant inhibitory activity (all MIS values -0.80),
whereas fraction V from acidified medium of CF geno-
types produced significant inhibition (see Fig. 3 for P
values) of directed migration toward all the chemo-
attractants studied. In general, fraction V from CF
homozygotes was more inhibitory than fraction V from
heterozygote carriers. (c) Heating (56°C, 45 min) frac-
tion V from CF genotypes eliminated the ability of all
fractions to inhibit chemotaxis and also destroyed the
CF-specific CDS. (d) The results presented in Fig. 3
were essentially identical for fractions I and II from
acidified or untreated medium. However, in all in-
stances fraction V from CF genotypes exerted a greater
inhibitory effect on fraction VI from untreated medium
than from acidified medium (even when the levels of
chemoattractants in treated and untreated fraction VI
were similar without fraction V added). We interpret
these results as suggesting that the chemoattractants
naturally occurring in fraction VI are more susceptible
to inhibition than those additional chemoattractants
eluting in fraction VI as a result of prior acidification
of the culture medium.

In the second series of experiments, we evaluated
the ability of components in fraction V to inhibit di-
rected PMNmigration when fraction V was mixed
with the PMN instead of the chemoattractants. The
experimental design was similar to that used to
evaluate the chemokinetic activity of fraction V, except
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that a chemoattractant was placed in the attractant In addition, we found that the degree of inhibition
well (see Methods). The results for this series of ex- was directly related to the concentration of fraction V
periments directly paralleled those obtained for the used and the length of time the PMNwere preincu-
first series with respect to (a) through (d) noted above. bated with fraction V.
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Further characterization of the chemoattractants
and ciliary dyskinesia substances. To obtain more in-
formation about the chemoattractants purified from un-
treated culture medium and to further evaluate whether
or not the CDS present in fractions II and III from
acidified culture medium were actually responsible for
the increased chemotactic activity noted in these frac-
tions (Fig. 2), we characterized the active components
with respect to neutralization with anti-C3 or anti-C5,
thermal stability, and cellular origin.

Effects of incubation with anti-C3 and anti-C5. In-
cubation with anti-C3 had no affect on the chemo-
attractant activities present in fraction I, II, or VI from
either untreated or acidified culture medium (Table I)
and did not neutralize the ciliary dyskinesia activity
present in fraction II from acidified culture medium
(data not shown). In contrast, both the chemoattractant
activity (Table I) and the ciliary dyskinesia activity in
fraction II were completely eliminated after incubation
with anti-C5. The fraction I chemoattractant activity
was partially reduced by incubation with anti-C5
(percent change -31.0%; 0.05 < P < 0.10), whereas
the fraction VI chemoattractants were unaffected by
anti-C5 (Table I). When Bio-gel P-10 fraction I from

normal control cultures was further fractionated on a
column of Sephadex G-100, most of the chemotactic
activity eluted at a position close to the BSA marker
(66,000 mol wt) (Fig. 4). A second smaller peak of
chemotactic activity eluted much later, with molecular
weight close to the ribonuclease A marker (13,700 mol
wt). The higher-molecular-weight activity was unaf-
fected by treatment with anti-C5, whereas the 13,700
mol wt activity was completely eliminated by treatment
with anti-C5 (data not shown). The results indicate that
Bio-gel P-10 fraction I contains two chemoattractants,
one of which is similar to the chemoattractant found in
Bio-gel fraction II.

The chemotactic activity in fraction III was affected
differently when incubated with anti-C3 or anti-C5,
depending on the cell donor (Table II). Addition of
anti-C3 to fraction III from normal healthy control or
patient control cultures did not reduce chemotactic
activity, whereas addition of anti-C5 completely neu-
tralized the activity (percent change, - 100% for both
types; P < 0.001). In contrast, in culture medium from
CF genotypes the chemoattractant activity in fraction
III was significantly reduced by the addition of either
anti-C3 or anti-C5 (Table II), suggesting the presence
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and the effluent was divided into five fractions (I to V) for analysis of chemotactic activity. The
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TABLE I
Effects of Incubation with Antibody-Specific for Human

C3 or C5 on Substances Chemotactic for PMN
Isolated from Culture Supernates of

Mononuclear Leukocytes

CI (units of Percent
Fraction* Treatment activityt change§

Fraction I None 2.21+0.45
Anti-C3 2.40±0.17 +9.0
Anti-C5 1.53±0.35"1 -31.0
37°C, 60 min 2.01±0.30 -9.0

Fraction II None 3.33±0.37
Anti-C3 2.75±0.10 -17.0
Anti-C5 0.11±0.16¶ -97.0
37°C, 60 min 3.21±0.47 -3.0

Fraction VI None 1.89±0.10
Anti-C3 1.95±0.10 +3.0
Anti-C5 2.15±0.37 + 14.0
37°C, 60 min 2.00±0.20 +6.0

* From untreated or acidified culture medium after chroma-
tography of crude culture supernate on Bio-gel P-10. Results
were identical for both type of fractions.
t CI as defined in Methods. Data shown for each fraction are
mean±SD for five separate experiments. Controls consisting
of anti-C3 or anti-C5 in PBS only had CI values not sig-
nificantly different from zero.
§ Percent change in activity relative to fraction not incubated
with antibody.
0.0OS<P <0.10.
P < 0.001.

of at least two types of PMNchemoattractants, one a
fragment of C3 and the other a fragment of C5. The
ciliary dyskinesia activity present in fraction III has
been shown previously to be reduced by incubation
with antibodies specific for human C3a (9). In the
present study, we found that the ciliary dyskinesia
activity present in fraction III from patient controls was
neutralized by anti-C5, but not by anti-C3. In contrast,
the dyskinesia activity in this fraction from cultures of
CF genotypes was significantly affected by both anti-
C3 and anti-C5. The CF-specific CDS present in
fraction V was not affected by either anti-C3 or anti-C5.

Effects of heat treatment. The chemoattractants
present in Bio-gel P-10 fractions I, II, and III from
untreated or acidified culture medium were not sig-
nificantly affected by heating (56°C for 45 min) regard-
less of the donor origin of the culture (Table III),
although some reduction in activity was noted for frac-
tion III (-24%, Table III). The ciliary dyskinesia
activity present in fraction II was not significantly
affected by heat treatment (active without concen-
tration), whereas the activity in fraction III was sig-
nificantly reduced (active only at threefold concentra-
tion) in samples from CFgenotypes but not in samples

TABLE II
Effects of Incubation with Antibody Specific for HumanC3

or C5 on Substances Chemotactic for PMNPresent in
Fraction III Obtained from Acidified Culture

Supernates of Mononuclear Leukocytes

Culture type used to CI (units of Percent
obtain fraction III Treatment activity)* changet

Normal healthy None 0.81+0.31
controls Anti-C3 0.69+0.11 -15.0

Anti-C5 0.00+ 0.12§ - 100.0
37°C, 60 min 0.75±0.20 -7.0

Patient controls None 1.38+0.18
Anti-C3 1.17+0.55 -15.0
Anti-C5 0.00+0.205 - 100.0
37°C, 60 min 1.25+0.40 -9.0

CF homo- None 1.01±+0.33
zygotes Anti-C3 0.37-+0.10 -65.0

Anti-C5 0.63±+ 0.291 -38.0
37°C, 60 min 1.05±0.20 +4.0

Heterozygote None 0.94±0. 12
carriers for Anti-C3 0.49±0.18"1 -48.0
cystic fibrosis Anti-C5 0.39+0.291 -59.0

37°C, 60 min 0.96+0.10 +2.0

* CI as defined in Methods. Data are mean+SD for five
separate experiments. Controls consisting of anti-C3 or
anti-C5 in PBS only had CI values not significantly different
from zero.
t Percent change in activity relative to fraction not incubated
with antibody.
§ P < 0.001.
"0.01 < P < 0.025.

P < 0.10.

from patient controls (active without concentration).
In a single experiment using fraction III from a CF
homozygote sample, we found that the activity re-
maining after heating the sample was markedly reduced
by addition of anti-C5 but not anti-C3. The chemo-
tactic activities in fraction VI from untreated culture
medium were completely destroyed by heating,
whereas the chemotactic activity in fraction VI from
acidified culture medium was reduced by only 67%
(Table III). The amount of activity remaining in frac-
tion VI from acidified culture medium was significantly
higher than the amount remaining in fraction VI from
untreated culture medium (P < 0.01). We conclude
that fraction VI from acidified medium contains two
types of chemoattractants, which differ in thermal
stability.

Cellular origin of chemoattractants and CDS. We
have shown previously that purified T lymphocytes
and monocytes from CF genotypes synthesize and
secrete the CF-specific CDS found in Bio-gel P-10
fraction V from culture medium of MNC(9). Mono-
cytes from these same subjects also synthesize and
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TABLE III
Effects of Heat Treatment on Substances Chemotactic for

PMNIsolated from Culture Supernates
of Mononuclear Leukocytes

Cl (uinits of Percent
Fraction* Treatment activity)t change§

Fraction I None 2.20+0.75
56°C, 45 min 2.3 1 0.68 +5.0

Fraction II None 2.86±0.80
56°C, 45 min 2.36±0.67 - 17.0

Fraction III None 1.19±0.95
(acidified 56°C, 45 min 0.90±+0.44 -24.0
culture medium)

Fraction VI None 2.25+0.54
(untreated 56°C, 45 min 0.00±0.201" -100.0
culture medium)

Fraction VI None 2.80±0.64
(acidified 56°C, 45 min 0.91±0.241" -67.0
culture medium)

* Fractions as defined in Table I and Fig. 2. Data for Fractions
I and II were similar for untreated and acidified culture
medium.
t CI as defined in Methods. Data shown are mean± SD for five
separate experiments. Medium only or PBS only controls had
CI values not significantly different from zero.
§ Percent change in activity relative to fraction not treated
by heating.
"lp < 0.001.

secrete the CDS activities found in fraction II and
fraction III from Bio-gel P-10 (Fig. 1; ref. 8). Thus, the
cellular origin of each of the CDS found in culture
medium from MNCis known.

Significant PMNchemoattractant activity (P < 0.001
as compared with medium-only controls) was found in
all monocyte and T lymphocyte cultures established
from either CF genotypes or normal control subjects
(patient controls were not studied due to limitations in
obtaining adequate amounts of cells) (Fig. 5). Although
the number of each type of monocyte culture was
small, a trend similar to that found for MNCcultures
was evident with respect to the amount of activity in
cultures for each group. In contrast, T lymphocyte cul-
tures from all subjects contained similar amounts of
chemoattractant activity.

Fractionation of untreated monocyte culture medium
on a column of Bio-gel P-10 indicated that monocyte
cultures from all donors studied contained significant
chemotactic activity only in fractions II, III, and VI
(Fig. 5). The chemoattractants in fractions II, III,
and VI from monocyte cultures responded to incuba-
tion with anti-C5, anti-C3, or heating identically to
analogous fractions from MNC, suggesting strongly
that monocytes are the source of each of these chemo-

attractants. Fractionation of T lymphocyte culture
medium on Bio-gel P-10 indicated that only fraction I
contained significant activity (Fig. 5). This activity was
resistant to heating, was not affected by treatment
with anti-C3 or anti-C5, and was of 66,000 mol wt as
determined by gel permeation chromatography on
Sephadex G-100; thus, our data indicate that this ac-
tivity is identical to the high molecular weight chemo-
attractant in Bio-gel P-10 fraction I from MNCcultures.

DISCUSSION

The possibility that three CDS, which are known to be
abnormally produced by MNCfrom CF homozygotes
and heterozygote carriers, are chemoattractants for
PMNwas examined. We first analyzed crude MNC
culture supernatants and found general concordance
between the amount of PMNchemoattractant activity
and ciliary dyskinesia activity. The levels of both
types of activity followed the order: CF homozygote
cultures > patient control cultures - heterozygote car-
rier cultures > normal healthy control cultures. These
results are consistent with the possibility that the CDS
are PMNchemoattractants.

Our results obtained from the purification and char-
acterization of the CDS and chemoattractants pro-
vided evidence that the excessive chemoattractant
activity in MNCcultures from CF genotypes and
patient controls could be attributed to elevated levels
of three chemoattractants without ciliary dyskinesia
activity (one of 15,000 and two of 1,000 to 3,500 mol
wt, respectively), and of two CDSwith chemoattractant
activity (15,000 and 9,000 mol wt). In addition, our
results also allow for a tentative identification of most
of these substances or at least allow us to relate them to
previously described PMNchemoattractants known to
be synthesized by MO(5-7). Our more important con-
clusions can be summarized as follows: (a) the 15,000-
mol wt chemoattractant, which is elevated in both CF
homozygote and patient control cultures (Fig. 2),
appears to be identical to a fragment of C5 shown
previously to be generated by rhesus monkey alveolar
M4 (6), based on its cellular origin, thermal stability,
and susceptibility to neutralization by anti-C5 but not
anti-C3. (b) The thermal labile chemoattractant of
1000-3500 mol wt (found in Bio-gel P-10 fraction VI),
which is produced in excess by monocytes from both
CFgenotypes and patient controls (Fig. 2), seems to be
identical to a chemoattractant produced by human,
guinea pig, and rhesus monkey alveolar MOdescribed
previously by others (5-7). The identity of the thermal
stabile chemoattractant(s) of 1,000-3,500 mol wt found
in fraction VI from acidified culture medium is not
known. (c) The 15,000-mol wt CDSand the 9,000-mol
wt CDSboth seem to be PMNchemoattractants. This
conclusion is derived from two lines of evidence. First,
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FIGURE 5 PMNchemotatic activity in cell-free medium obtained from 6-d cultures of purified T
lymphocytes (106/ml) stimulated with phytohemagglutinin or 4-d cultures of purified monocytes
(-8.0 x 105 monocytes per tube containing 2.0 ml medium), and in Bio-gel P-10 column fractions
obtained from T lymphocyte or monocyte culture medium (fractions I to VII). Upper panel:
Results for cultures of monocytes from CF homozygotes (CF), heterozygote carriers (HCF), and
normal controls (NC). 0, mean values for individual cultures tested three or more times. 0,

mean±SDforthe group. Data forcolumn fractions are mean±SDforthree separate cultures. CI as

defined in Fig. 1. Lower panel: Results for cultures of T lymphocytes from CF homozygotes,
heterozygote carriers, and normal controls. Data for column fractions are mean+SD for three
separate cultures.

column fractions from acidified medium containing
these CDS have increased chemotactic activity that
can be accounted for by the CDS (especially fraction
III from acidified culture medium). Secondly, treat-
ments such as heating or incubation with anti-C3 or

anti-C5 affect the chemotactic activities and dyskinesia
activities in these fractions identically. The available
evidence suggests that the 15,000-mol wt CDSis a frag-
ment of C5, whereas the 9,000-mol wt CDS is a frag-
ment of C3 uniquely found in cultures from CF geno-

types (Table II).
All of the above substances that are fragments of C5

or C3 are most likely derived from cleavage of mono-

cyte-produced C5 or C3 by proteolytic enzymes also
secreted by monocytes (6, 16). They were not derived
from serum, since all of our cultures were "serum-
free" (containing only 1.0% BSA). Other investigators
have also reported previously that proteolysis of C5
and C3 generates fragments with chemotactic activity
(5, 17, 18). The excessive accumulation of chemotactic
C3 and C5 fragments in CF genotype cultures might
therefore reflect either hyperproduction of C5 or C3
or abnormal catabolism of C5 and C3 (involving either
the generation or inactivation of chemotactic frag-

ments). Wefeel that hyperproduction of C5 and C3 by
MNCfrom CFgenotypes is not a plausible explanation,
for several reasons: (a) MNCfrom CF genotypes ex-

hibit normal levels of [3H]thymidine incorporation and
normal or subnormal synthesis of protein, C5, and C3
when stimulated with PHAor pokeweed mitogen (9;
manuscript in preparation); (b) CFgenotypes have nor-

mal levels of serum complement activity (1, 2); and (c)
normal cultures might be expected to produce signifi-
cant amounts of both of the CDS chemoattractants
since they contain detectable quantities of the C5
fragment without ciliary dyskinesia activity (Fig. 2).
Thus, a more reasonable explanation seems to be that
CF homozygote and heterozygote MNChave a meta-
bolic defect involving proteolytic enzymes, which
leads to the accumulation of unusual C3 (and C5)
cleavage products (the CDS) that are chemotactic for
PMN. A similar or related defect could also account for
the excessive accumulation of the other chemoattract-
ants (without dyskinesia activity) found in fraction II

and fraction VI of cultures from CF genotypes.
In support of the above hypothesis are the recent

findings of Walsh and co-workers (19 and references
cited therein), which provide evidence that saliva,
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serum, and cell culture medium from CF genotypes
are deficient in serine protease activity (as compared to
analogous fluids from normal controls), and the findings
of Shapira and co-workers (20 and references cited
therein) and Wilson and Fudenberg (21), which col-
lectively indicate that alpha2-macroglobulin, a major
protease regulator synthesized by alveolar MOand
monocytes (22, 23), is abnormal in CF with respect to
both its carbohydrate structure (20) and its ability to
regulate serine proteases (20, 21). We speculate that
the findings of Walsh and co-workers reflect a more
fundamental defect in CF alpha2-macroglobulin (24).
For instance, reduced uptake of alpha2-macroglobulin-
protease complexes by CF MO resulting from ab-
normal glycosylation of CF alpha2-macroglobulin can
promote decreased secretion of neutral proteases by CF
MO(25). In addition, abnormal metabolism of alpha2-
macroglobulin-enzyme complexes by CFMOis at least
partly responsible for CDS (26).2

The above evidence that at least two of the CDSmay
be chemoattractants prompted us to examine further
the effects of the third, CF-specific CDS (8, 9) on
PMNmovement. We felt initially that the CF-specific
CDScould be such a potent chemoattractant that when
tested undiluted it "deactivated" the PMN(15). The
CF-specific CDS, however, failed to promote chemo-
taxis when tested over a range of concentrations. In
addition, it was not chemokinetic for PMNand did not
inhibit random PMNmigration. To our surprise, how-
ever, fraction V (containing the CF-specific CDS) com-
pletely "blocked" PMNresponsiveness to all of the
chemoattractants generated by T lymphocytes and
monocytes when mixed with either the PMNor the
chemoattractants. Evidence that the CF-specific CDS
is the component in fraction V responsible for this
inhibition is indirect, based on the facts that only frac-
tion V from acidified medium from CF homozygote or
heterozygote cultures had inhibitory activity, and that
heating abolished the CF-specific CDSactivity and the
ability of the fraction to inhibit PMNresponsiveness
to chemoattractants. Thus, either the CF-specific CDS
is responsible or another component made only by CF
MNCis also present.

The possibility that the CF-specific CDScan inhibit
PMNresponsiveness is of special interest in regard to
observations that cells from heterozygote carriers
express the same biochemical abnormalities as those
from CF homozygotes (although not to the same
extent), yet these individuals are clinically asympto-
matic. This is true not only in reference to the
generation of chemoattractants and CDS activities
(Figs. 1 and 2) but also for other biochemical
abnormalities as well (reviewed in refs. 1 and 2). For
years, many investigators have considered only two

2 Wilson, G. B., and E. Floyd. Submitted for publication.

roles for the CF "factors" (the CDSand others) in the
disease process: pathogenic or no role at all. We
propose instead that the CF-specific CDSmay have a
"protective" role. In terms of the pathophysiology of
lung disease, the CF-specific CDSmay serve to coun-
terbalance or block the action of some of the chemo-
attractants produced in carriers, thus preventing ex-
cessive infiltration of PMN(with subsequent tissue
damage by lysosomal enzymes released from PMNand
other related problems) as is observed in the lungs of
CF patients (1). Thus, the CF-specific CDS in the
heterozygote may produce a selective biological
advantage (protection against obstructive pulmonary
disease) analogous to that of carriers of the sickle cell
trait (protection against malaria due to the presence of
high levels of fetal hemoglobin [27]); this could explain
why the CF gene has been maintained at such a high
frequency in the Caucasian population. On the other
hand, too much CF-specific CDScould be detrimental
(i.e., in CFhomozygotes). Wewill not attempt herein to
speculate on mechanisms whereby the CF-specific
CDS in carriers could modify or prevent the develop-
ment of other clinical problems observed in CF
homozygotes (1, 2). Wedo suggest a protective role for
the CF-specific CDS, however, in the hope that this
hypothesis will stimulate further investigations con-
cerning the role of the CF-specific CDSin the disease
process. Regardless of the interpretation of our results
concerning the CF-specific CDS, we still feel that our
data collectively indicate that all three CDScan poten-
tially play a role in the pathogenesis of lung disease. In
addition to their affects on PMN migration, when
stimulating PMNand possibly MOthe CDS(and the
other chemotoxins) could affect several aspects of
phagocytic cell function or metabolism (e.g., phago-
cytic and bactericidal capacity, calcium and cyclic
nucleotide metabolism, NADH-dehydrogenase ac-
tivity, and oxygen consumption).
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