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ABSTRACT

Transforming growth factor-o (TGF) is a cytokine secreted
by stimulated alveolar macrophages (AM) in vitro and after in
vivo particulate or hyperoxia exposure and has been implicated in
the processes of postnatal lung development. It is unknown if
AM TGFa secretion changes during normal postnatal lung de-
velopment. After sacrifice of New Zealand white rabbits on
postnatal d 0-2, 5-7, 9-10, 14, 21, and 28 and >4 mo (adult),
AM were isolated by discontinuous density centrifugation and
placed in culture in the presence or absence of concanavalin A
(ConA) for 24 h. Media were collected, and the concentration
and isoforms of TGFa in AM media samples were determined by
an epidermal growth factor/TGFa radioreceptor assay and West-
ern immunodetection, respectively. TGFa was present in media
of AM from the 1.06 and 1.08 g/dL Percoll densities, but not in
the 1.10 g/dL density. Statistically significant differences in
TGFa secretion by unstimulated and ConA-stimulated AM at the
various ages were not detected until d 14 (p < 0.02). Western

blot analysis of unstimulated AM media samples from d 0-7
rabbits demonstrated the presence of TGFa isoforms at 46, 30,
and 14.3 kD. At later postnatal ages (= d 9), a single 14.3-kD
isoform was present. In contrast, analysis of ConA-stimulated
AM media samples showed TGF« isoforms at 46, 30, and 14.3
kD for all ages; however, the 6-kD mature isoform was present
only in juvenile (d 28) and adult media. These results demon-
strate an age-dependent effect on AM TGFa secretion and bio-
chemical isoforms. (Pediatr Res 38: 49-34, 1995)

Abbreviations
AM, alveolar macrophages
TGF e, transforming growth factor-a
EGF, epidermal growth factor
ConA, concanavalin A
DME, Dulbecco’s modified Eagle’s medium

The expression and secretion of TGFa by activated adult
human AM were first demonstrated by Madtes ez al. in 1988
(1). Subsequently, TGF« was identified in culture medium of
AM derived from rabbits recovering from hyperoxic injury and
after in vitro activation of AM from control rabbits (2-7).
There is further evidence that TGFa stimulates type II cell
proliferation (3, 4) and, therefore, may play a role in the
maintenance and reparative processes of the lung.

After birth, the lung undergoes continued growth and dif-
ferentiation of parenchyma and supporting tissue. The volume
and surface area of the lung at birth is less than 10% of the total
lung tissue present in the adult (8). Growth factors such as
TGFa, many of which can be produced by AM, have been
implicated in the perpetuation of normal lung growth and
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differentiation through their interaction with type II epithelial
cells and extracellular matrix (9-13).

Through the prior work of several investigators (14-24), it is
known that an influx of AM into the rabbit lung precedes birth
by 24 h. This is followed by an exponential increase in AM
number during the first week after delivery. During postnatal
lung development, there is a gradual shift from a homoge-
neous, monocyte-like population to a more heterogeneous
population of AM of varying density and function (14, 25-30).
Although the ultrastructure and certain biologic functions of
AM isolated from postnatal rabbits have been defined (14-25),
there is scarce information about AM growth factor production
and what effect such cytokines may have on lung parenchymal
differentiation during postnatal development. It is unknown
when AM become functionally capable of TGFa secretion
during postnatal development and if this capability extends to
one specific subpopulation of AM (28, 29).

Several isoforms of TGFa have been isolated in other
systems, with molecular mass ranging from 6 to 20—22 kD
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(9-13). Activation of the EGF receptor by both transmembrane
proforms of TGFa as well as the 6-kD secreted mature form
has been shown. The processing of higher molecular mass
proforms of TGF« to the 6-kD mature form is dependent on
enzymatic activity that may not be fully developed at birth
(9-13). Whether certain isoforms of TGFa secreted by AM
predominate during postnatal development has yet to be deter-
mined.

These current experiments measured in vitro TGFa secre-
tion by AM isolated from rabbits under conditions of normal
lung growth. The hypothesis that AM isolated from younger
postnatal rabbits would show differences in both cell density
and TGFa secretion compared with adult AM was tested. It
was further hypothesized that there would be an age-dependent
difference in the TGF« isoforms secreted by AM.

METHODS

The postnatal secretion of TGFa by AM was studied in a
rabbit model previously described (2—4). Animals were bred,
born, and housed in a single room designated for New Zealand
white rabbits in the Animal Care Facility at the University of
Rochester. Litter mates were kept in a large cage with the doe
and allowed to feed ad libitum. Each animal was evaluated
daily by one of the investigators or animal laboratory person-
nel. Those animals who showed evidence of respiratory infec-
tion or gastrointestinal disease were sacrificed and excluded
from study. All animals included for study were in good health
at the time of sacrifice.

The rabbits were sacrificed at d 0-2, 5-7, 9-10, 14, 21, and
28, and at >4 mo (2-3-kg adult males). AM were isolated by
bronchoalveolar lavage, separated from red blood cells and
cellular debris by discontinuous Percoll density gradients
(1.061, 1.08, and 1.10 g/dL), and centrifugation at 1000 X g for
20 min at 4°C. To obtain sufficient numbers of AM for
bioassay, lavage samples from d 0—7 rabbits were pooled.
Thereafter (= d 9-10), there were sufficient numbers of AM
for experimental study of individual animals. After separation
of AM by Percoll, each Percoll layer present was washed in
Hank’s buffered saline (Life Technologies, Inc, Grand Island,
NY), 300 X g for 6 min at 4°C, and then resuspended at a
concentration of 1 X 10° cells/mL of DME-F12 medium
(Sigma Chemical Co., St. Louis, MO) with gentamicin sulfate
(Sigma Chemical Co.). Viability of each subpopulation was
determined using a trypan blue exclusion method (Sigma
Chemical Co.). In all samples tested, there was a minimum of
95% viable cells. Confirmation of cell type was performed by
Diff-Quik cell differential staining (Harleco, Philadelphia, PA)
with >95% of the cells identified as mononuclear phagocytes
at all ages tested.

AM were plated in culture at a concentration of 1Xx10°
cellsymL. DME-F12 medium alone or with ConA (Sigma
Chemical Co.) at a concentration of 10 wg/mL for 24 h. After
24 h of incubation at 37°C in a humidified atmosphere of 5%
CO,/95% air, the media were removed from each Petri dish,
centrifuged to remove nonadherent cells and particles, and
concentrated 5-fold using Centricon-3 filters (3-kD molecular
mass cutoff; Amicon, Beverly, MA).

EGF-like activity in the media samples was measured by an
EGF/TGFa radioreceptor assay (Biomedical Technologies,
Boston, MA) that utilizes competitive binding of **’I-TGFa«
and media or recombinant 6-kD TGFa (Oncogene Science,
Uniondale, NY) to A431 membranes. The sensitivity of the
assay was 0.2 ng/mL. All samples were assayed in duplicate or
triplicate. Inasmuch as AM do not produce or secrete EGF
(10), competitive binding of conditioned media and ***I-TGFa
to A431 membranes, with known EGF receptors, reflected
TGFa activity.

TGFa isoforms secreted by AM at the various postnatal ages
were identified by Western blot analysis. A standard electro-
phoresis protocol was followed (31). Fifty microliters of each
sample were loaded per lane onto a 4% stacking gel and
electrophoresed through a 15% SDS-polyacrylamide gel.
Prestained low molecular mass rainbow markers (range 2,350
46,000 kD; Amersham Corp., Arlington Heights, IL), human
recombinant TGF« standard in acetate buffer (molecular mass
6 kD; 10 ng; Oncogene Science), and media samples were run
in parallel lanes under reducing conditions (2-mercaptoethanol;
Sigma Chemical Co.). Each 10-cm gel was run at room tem-
perature over 3—4 h at 35 mA/gel.

After electrophoresis, polyacrylamide gels were washed in a
Tris base cathode buffer for removal of SDS. Proteins, includ-
ing standard molecular mass markers and reference TGFa
standard, were transferred to nitrocellulose (0.45-um pore;
Amersham Corp.) using the semidry method (Millipore Graph-
ite Electroblotter 1; Millipore, Bedford, MA) (32). Membranes
were blocked with Tween Tris base solution (TTBS: 0.1%
Tween-20, 0.15 M sodium chloride and 0.01 M Tris-HCI, pH
7.6) containing 5% nonfat dry milk in TTBS for 1 h at room
temperature, then washed several times in TTBS, followed by
1-h blocking with 3% BSA (Sigma Chemical Co.).

The washed nitrocellulose then was incubated with a pri-
mary monoclonal mouse-anti-human TGFa antibody (4
pg/mL in TTBS; Research Diagnostics, Flanders, NJ) over-
night on a rocker at 4°C. The membrane was washed and then
incubated in a secondary goat-anti-mouse horseradish peroxi-
dase-conjugated polyclonal antibody (Research Diagnostics)
1:3000 in TTBS. All Western blots were carried out with the
necessary secondary antibody alone to detect nonspecific bind-
ing. Subsequently, each nitrocellulose membrane was washed
and then treated with enhanced chemiluminescence specific for
horseradish peroxidase coupled to biotin/avidin (Amersham
Corp.). The membrane was placed with radiographic film for
visualization of the molecular mass band(s) indicative of TGFa
isoform(s).

Statistical analysis. The concentration of TGFa in each
sample as determined by RIA is expressed as the mean = SD
of triplicate values. TGFa secretion as a function of postnatal
age was analyzed using the ¢ test. Significance was set at
p < 0.05.

RESULTS

As predicted by previous studies on AM number after birth
(13, 17, 19), there was an exponential increase in the number
of AM during the first postnatal week with a linear increase
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thereafter to adult levels (Fig. 1). Increased heterogeneity of
AM density also was observed with advancing postnatal age
(Fig. 2). AM isolated from animals less than 9-10 d of age
were recovered solely in the lighter 1.06 g/dL Percoll gradient.
At postnatal ages =9-10 d, AM were recovered from both
1.06 and 1.08 g/dL Percoll gradients. There was a transition
from the predominate 1.06 subfraction to a combination of 1.06
and 1.08 subfractions. In 3/15 adult animals tested, AM also
were isolated at the 1.10 g/dL Percoll interface layer, repre-
senting approximately 33% of the total AM isolated in those
animals. This Percoll gradient fraction was not identified for
any of the younger animals.

TGFa secretion by AM occurred at basal levels for all ages
tested (Fig. 3). A statistically significant increase in TGFa
secretion by ConA-treated AM from the 1.06 subfraction was
first demonstrated at d 14 (p < 0.02). This increase above
control TGFa secretion persisted with d 21 (p < 0.009) and d
28 samples (p < 0.008), but not with adult samples given the
higher variability. An increase in TGFa secretion by ConA-
treated AM above control also was displayed in the 1.08
subfractions of d 21 and 28 (juvenile) and adult rabbits, but not
in the 1.10 subfraction that was present in 3/15 adult rabbits
tested.

Analysis of the concentration of TGF« in media of control
and ConA-stimulated AM by postnatal age was bimodal. The
greatest concentrations (mean ng/mL * SD) were in media of
AM isolated from d 5-7 rabbits (3.1 £ 1.5 and 14.8 * 6.8,
respectively) and again at adult age (2.1 % 0.8 and 21.3 + 9.8,
respectively).

Western blot analysis of control and ConA-treated AM
samples are shown in Figures 4 and 5, respectively. In both
control and ConA-treated AM samples, higher molecular mass
proforms of TGFa (30—46 kD) were present at the earlier
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Figure 1. Bronchoalveolar lavage fluid cell counts. Total cell counts of
bronchoalveolar lavage fluid (expressed as the mean = SD) as a function of
advancing postnatal age (days). The rabbits were sacrificed at d 0-2 (n = 11
litters), 5-7 (n = 15 litters), 9-10 (n = 6), 14 (n = 12), 21 (n = 16),28 (n =
11), and at >4 mo (2-3-kg adult males; n = 15).
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Figure 2. Postnatal rabbit AM Percoll density subfractions. AM were isolated
by discontinuous Percoll densities of 1.061, 1.08, and 1.10 g/dL. The mean
percent of AM isolated at each density subfraction is given for all ages tested.
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Figure 3. TGFa secretion by control and ConA-treated postnatal AM isolated
in the 1.061 g/dL Percoll subfraction. AM TGF« concentration is expressed in
ng/mL conditioned medium. Control and ConA-treated media were collected
after 24 h cell culture.

postnatal ages (d 0—2 and 5-7), but were not detected in d 9/10
to adult samples. The mature (6 kD) form was detected only in
juvenile (d 28) and adult ConA-treated AM media samples,
and not in any of the control AM samples. The 14.3-kD moiety
appeared to be the predominate isoform of ages d 9/10 to adult.
Further, there appeared to be an increasing amount of this
isoform detected with advancing postnatal age to adult at the
1.061 density and at the 1.08 density when present.

DISCUSSION

This study showed that AM isolated from newborn rabbits
and those of advancing postnatal age secrete TGFa. There
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Figure 4. Western immunodetection of TGFa isoforms in AM control media
samples. AM were isolated then placed in culture for 24 h in DME-F12 media
alone. Subsequently, media samples were collected and concentrated 5-fold.
Samples were electrophoresed through a 4% stacking and 15% resolving
SDS-polyacrylamide gel. Appropriate controls were run. Proteins were trans-
ferred onto nitrocellulose using the semidry method and analyzed for the
presence of TGFa isoforms through immunodetection. Lane [ from the left
represents rainbow markers. Lane 2 is TGFq, 10 ng (human recombinant 6
kD). Lane 3 is TGFf, 10 ng (human recombinant 25 kD). The subsequent lanes
to the right are AM media samples isolated from rabbits of advancing postnatal
age as indicated (d 0-2, 5, 7, 9-10, 14, 21, and 28, and adult). Not shown,
DME-F12 medium alone was negative for TGFa bands.

O P &
of p D . LR 1
v TN A ol \

¢or e ¥ & oA ¥ N VoS
QT\E' & & Oﬁ‘\ o Qﬁ’t o o Qa*— ot W O

N o
3

d46kDa

30kDa

14 3kDa
6.6kDa
3.4kDa — i = b
: !. a3 . ia
Con A

Figure 5. Western immunodetection of TGFa isoforms in AM-conditioned
medium samples. AM were isolated then placed in culture for 24 h in
DME-F12 medium with ConA (10 pg/mL). Subsequently, media samples
were collected and processed for Western immunodetection of TGF isoforms
as described for control conditions (Fig. 4). Lane I from the left represents
rainbow markers. Lane 2 is TGFq, 10 ng (human recombinant 6 kD). Lane 3
is TGFp, 10 ng (human recombinant 25 kD). The subsequent lanes to the right
are AM media samples isolated from rabbits of advancing postnatal age as
indicated (d 0-2, 5, 7, 9-10, 14, 21, and 28, and adult).

were qualitative and quantitative differences in the postnatal
levels and biochemical forms of AM-derived TGFa. Whereas
the 6-kD mature TGF« isoform was shown only in the media
of ConA-stimulated juvenile and adult AM, the 14.3-kD moi-
ety predominated with advancing postnatal age in both control

and ConA samples. These age-dependent changes in TGFa
secretion paralleled concurrent changes in the density at which
the AM were isolated; with advancing postnatal age, there was
a shift from the lighter 1.061 g/dL Percoll density to the 1.08
density.

Although it is unknown if the AM TGF« isoforms secreted
during normal growth would change during times of stress,
such as infection or hyperoxia, differential in vitro control and
ConA-activated AM TGFa isoform secretion was demon-
strated at all ages tested. Further, the 1.10 g/dL. AM subfrac-
tion, isolated from 3/15 adult rabbits but not from earlier
postnatal aged rabbits, failed to secrete TGF« in vitro. These
differences between AM subfractions may represent an age-
and activation-dependent mechanism by which selective secre-
tion of TGFa is manifested in response to alterations in local
tissue signals. Such differences in TGFa isoform secretion by
AM may be important during injury in assisting the reparative
process(es) of the lung.

The change from a homogeneous population of AM at the
earlier postnatal ages to a mix of heavier and lighter density
AM with advancing postnatal age may reflect AM maturation
within the lung in response to local environmental cues rather
than differential cell origin. Blusse van Oud Ablas et al. (33)
showed that, during both the normal steady state and acute
inflammation in the adult murine model, the vast majority of
AM are derived from peripheral blood monocytes rather than
local AM proliferation. Although not directly measured in this
set of experiments, local in vitro AM proliferation has been
shown by other investigators to be <2-5% (4, 33-35). Inas-
much as AM proliferation could potentially increase cell num-
ber and TGFa secretion, the contribution to the total TGFa
concentration in the conditioned medium would be minimal.
The major source of AM-derived TGF« is the mononuclear
phagocyte, derived from peripheral blood monocytes similar in
density and function until they are exposed to certain tissue-
specific signals that allow differentiation (34). The influx of
mononuclear phagocytes into the lung that occurs just before
birth continues during the first postnatal weeks (14). During
this rapid influx, the lung undergoes considerable change at the
cellular and subcellular levels that likely influence monocyte
differentiation into AM, and result in their subsequent activa-
tion and secretion of TGFa.

The interactional effect of lung epithelial cells (type II
pneumocytes) and AM has been well documented in adult
animal models (2—8). Only recently, studies have shown that
TGFa has a stimulatory effect on newborn type II pneumocytes
through activation of the EGF receptor (36). It is not known if
there is differential activation of the EGF receptor by various
higher molecular mass TGF« isoforms secreted by neighboring
AM. Such differential activation, however, could result in
greater control of cell proliferation. Alternatively, the trans-
membrane form of AM-derived TGFa may facilitate direct
AM-type II cell interactions, thereby amplifying the initial
signal at the EGF receptor through activation of a “second
messenger” cascade.

The likely biologic effects of macrophage-derived TGFa on
lung parenchyma come by extension from the study of mac-
rophages isolated from other organ systems. Macrophage-



ALVEOLAR MACROPHAGE SECRETION OF TGF« 53

derived TGFa has been shown to mediate all three stages of
dermal wound healing: reepithelialization, formation of gran-
ulation tissue, and induction of neovascularization (6). In
addition, macrophage-derived TGFa directs an integral aspect
of cellular metabolism by inducing the production of interfer-
on-y by lymphocytes and fibroblasts, collagenases, and strome-
lysin, and the synthesis of collagens in fibroblasts (6). Thus,
macrophage-derived TGFa modulates both the normal pro-
cesses of growth and the reepithelialization of tissues during
injury. It is plausible that the TGFo« isoforms secreted by AM
serve a similar function in neonatal lung maturation and re-
covery following injury such as that induced by hyperoxia.
Support for this hypothesis comes from Korfhagen et al. (37)
who showed that respiratory epithelial cell expression of TGFa
induced lung fibrosis in transgenic mice. The overexpression of
TGFa by pulmonary epithelial cells in these mice led to a
disruption of alveolar morphogenesis, producing fibrotic le-
sions that were presumably mediated by paracrine signaling
between respiratory epithelial and interstitial cells of the lung.
Although the effect of AM-derived TGFa in this model has not
been addressed, it is likely that these cells could contribute to
the derangement noted in this system.

The TGFa« isoforms previously reported have ranged from 5 to
22 kD. The largest molecular mass TGF« isoform expected from
primary translational production based on sequence is 26 kD (38,
39). The variation in TGF« molecular mass moieties presumably
reflects differential glycosylation and proteolytic cleavage, as well
as dimerization of the binding proteins (38—40). Humphreys-
Beher et al. (41) reported TGF« isoforms present in mouse saliva
that included a 30—46-kD moiety that they attributed to nonspe-
cific binding. We report similar higher molecular mass isoforms.
The absence of these higher molecular mass isoforms from later
postnatal age AM media samples, the minimal staining of rainbow
molecular mass markers, and negative secondary control support
the premise that these isoforms are true TGFo-like moieties
reacting with the TGFa MAb. Similar higher molecular mass
TGFa isoforms have been identified in the medium of human
milk macrophages in our laboratory with only the 6-kD isoform
identified in human milk supernatant (42). It appears, therefore,
that higher molecular mass isoforms >22 kD are secreted by AM
and may represent aggregation at disulfide bonds, or as yet,
another unidentified member of the EGF family with structural
homology to TGFa.

In summary, the qualitative and quantitative differences in
the postnatal levels and biochemical forms of AM-derived
TGFa may result in varying stimulatory effects on lung epi-
thelium and may contribute to the disparity of injury responses
noted between newborns and adults. Further investigation is
necessary to determine the in vivo effect of the various AM-
derived TGFa isoforms on lung epithelial maturation and
recovery after injury. Experiments to isolate and delineate the
biochemical and cellular effects of the various higher molecu-
lar mass TGFa isoforms are underway.
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