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The evolution of our understanding of IL-11 mirrors, in many
ways, the problems that are faced by investigators in the post-
genome era and the types of techniques that might need to be
used to deal with these issues. IL-11 was discovered as a solu-
ble factor in fibroblast supernatants that stimulated the prolif-
eration of “IL-6-dependent” plasmacytoma cells. It was subse-
quently demonstrated to be an important stimulator of platelet
reconstitution and a pleiotropic regulator of nonrespiratory
tissues. In the lung, IL-11 is produced by a variety of structur-
al cells and eosinophils in response to a variety of stimuli,
including TGF-$, major basic proteins, and viruses. IL-11 is
also detected in exaggerated quantities at sites of virus infec-
tion. Its potential effector functions at these sites were defined
with constitutive and inducible overexpression transgenic mod-
eling systems which demonstrated that IL-11 causes nodular
mononuclear infiltrates, airway remodeling with subepithelial
fibrosis, airways obstruction, and airways hyperresponsiveness
and can block alveolar development when expressed during
development. In accord with these murine findings, IL-11 is
selectively expressed in eosinophils and epithelial cells in
patients with moderate and severe asthma where expression
correlates directly with disease severity and inversely with
FEV,. Studies using transgenic mice also demonstrated that
IL-11 inhibits antigen-induced tissue inflammation. Thus IL-
11 might be an important regulator of inflammatory and
remodeling responses in the asthmatic airway. (J Allergy Clin
Immunol 2001;108:489-96.)
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Present day students of lung biology are living through
the transition from the pre-genome scientific era to the
post-genome scientific era. As a result, we have access to
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an impressive amount of information regarding the pri-
mary structure of the genes in the genome. In the major-
ity of cases, however, we are totally or partially lacking
in our understanding of the effector functions of their
protein products and of how they interact to generate
complex physiologic and pathologic responses. IL-11
was discovered in 1990 as a soluble factor distinct from
IL-6 in supernatants from transformed fibroblasts that
stimulated the proliferation of “IL-6-dependent” plasma-
cytoma cells.! In many ways, the approaches that were
used to characterize the IL-11 system and define its
role(s) in biology reflect this scientific transition. They
also illustrate the types of studies that will need to be
undertaken with other proteins to define their role(s) in
health and disease. In this article, we review the biology
of IL-11 in the context of the approaches that were used
to obtain this information. Particular attention will be
directed toward the insights obtained with overexpres-
sion transgenic modeling systems, which contributed
impressively to our understanding of the effector func-
tions of IL-11 in the lung and provided guideposts for
studies of IL-11 in human asthmatic tissues.

THE IL-11 CYTOKINE AND RECEPTOR
SYSTEM

After the discovery of human IL-11 and the description
of murine IL-11 in 1992, subsequent studies provided
knowledge of the structure of the genes that encode these
moieties and the proteins that they produce. The human
and murine IL-11 genes both contain 5 exons and 4
introns, are 80% homologous at the nucleotide level, and
have been mapped to chromosome 19 (q13.3-q13.4) and
to the centromeric region of chromosome 7, respective-
ly.2.3 The 5’ flanking region of the human IL-11 gene con-
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tains a “TATA” boxlike sequence 180 nucleotides
upstream from the translation initiation codon ATG.3 In
addition, our studies demonstrated 2 activator protein 1
sites between —100 and —82 in the IL-11 promoter that
interact in a complex fashion with activator protein 1 tran-
scription factor proteins, conferring transforming growth
factor B (TGF-B) inducibility on the human cytokine moi-
ety.4 There are 2 polyadenylation sites located in the 3
untranslated region of IL-11, at nucleotides 6762 and
6591. These sites give rise to the 1.5 and 2.5 Kb IL-11
mRNA transcripts that have been noted to be expressed in
a variety of cells and tissues.!-3 The IL-11 precursor pro-
tein contains 199 amino acids, is rich in proline residues,
lacks cysteine residues, is highly helical, and is thermally
stable.5 It is also impressively cationic, with an isoelectric
point that is more basic than that of eosinophil major
basic protein.*

IL-11 is classified with IL-6, ciliary neurotropic fac-
tor, leukemia inhibitory factor, oncostatin M, and car-
diotropin 1 as an IL-6-type cytokine. Members of this
cytokine family share a 4-helix bundle fold motif.¢ More
importantly, they have overlapping effector profiles and
multimeric receptor complexes in which the promiscu-
ous gp130 molecule serves as a signaling  subunit.?-10

IL-11 initiates signaling via binding to a unique IL-11
receptor o chain (IL-11Rax). Isoforms of IL-11Ra have
been described that contain (IL-11Ra;) and do not contain
(IL-11Ra,) a cytoplasmic domain.!! The binding of IL-11
to IL-11Ra forms a complex that binds to and induces
gp130 molecule homodimerization, resulting in the
assembly of the active IL-11 receptor trimer. This activates
Janus kinases,12:13 which phosphorylate tyrosine residues
within the cytoplasmic region of gp130 that are specific
docking sites for signal transducer and activator of tran-
scription (STAT)-1 and STAT-3 proteins.!4.15 The activat-
ed Janus kinases also phosphorylate tyrosine residues
within the bound STAT proteins, causing the STATS to dis-
sociate from gp130, dimerize, and enter the nucleus to act
as transcriptional activators of target genes.16:17 STAT
dimers might be additionally phosphorylated by mitogen-
activated protein kinases!8:19 that are also activated in
response to cytokine binding to the receptor.20:2!1

EXTRAPULMONARY EFFECTOR FUNCTIONS
OF IL-11

IL-11 is a pleiotropic cytokine (Fig 1) with hematop-
oietic, osseous, and mucosal protective effects that have
received significant investigative attention and lesser
understood effects on immune cells and other tissues. In
the hematopoietic system, IL-11 interacts with other
early and late growth factors to stimulate various stages
and lineages of hematopoiesis and regulate macrophage
proliferation and differentiation. Its effects on platelets
are particularly prominent, inasmuch as IL-11 synergizes
with IL-3, thrombopoietin, or stem cell factor to stimu-
late megakaryocytopoiesis and thrombopoiesis.22 The

*The isoelectric point of IL-11 is 11.7.
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latter property underlies the recent US Food and Drug
Administration approval of recombinant human IL-11 as
a treatment that fosters platelet reconstitution after bone
marrow ablative chemotherapy.

In bones, IL-11 is produced by cytokine and parathy-
roid hormone-stimulated osteoblasts.23 After its release,
it activates osteoclasts that increase bone absorption and
decrease new bone formation. The effects of IL-11 on
osteoclasts might be mediated by its ability to inhibit the
production of osteoprotegerin, a naturally occurring pro-
tein with potent osteoclastogenesis inhibitory activity, and
stimulate the production of RANK ligand, a transmem-
brane receptor on hematopoietic osteoclast precursor
cells.24.25 [L-11 also stimulates chondrocyte and synovio-
cyte production of tissue inhibitor of metalloproteinase 1,
which regulates local matrix metabolism.26

One of the intriguing properties of IL-11 is its ability
to provide protective effects in the setting of mucosal
injury. These effects have been investigated most thor-
oughly in the gastrointestinal tract, where IL-11 protects
small intestinal cells after combined radiation therapy
and chemotherapy, reduces experimental mucositis, and
ameliorates injury in models of inflammatory bowel dis-
ease.?’” IL-11 has also been shown to improve survival
after thoracic irradiation.?8 The mechanism of IL-11-
induced protection is not known; it might, however,
relate to the ability of IL-11 to inhibit macrophage pro-
duction of TNF, IL-1, IL-12, and/or nitric oxide and to
prevent nuclear factor k3 activation.29 IL-11 also inhibits
oxidant-induced cell death responses,30 prevents epithe-
lial apoptosis, regulates epithelial cell proliferation and
retinoblastoma protein phosphorylation,3!:32 and protects
clonogenic stem cells. Recent in vitro studies also
demonstrated that IL-11 activates human endothelial
cells to resist oxidant-mediated cellular injury,33 inhibits
T-cell IL-2 and IFN-y production, and augments T-cell
IL-10 elaboration.34

In addition to its hematopoietic, mucosal, and osseous
effects, IL-11 stimulates the proliferation of plasmacy-
toma cells, inhibits adipogenesis, regulates neuronal dif-
ferentiation, regulates T-cell function, and stimulates
hepatocyte production of acute phase proteins. The T-cell
effects of IL-11 include the ability to stimulate B-cell
immunoglobulin production via a T cell-dependent
mechanism35 and the ability to enhance Ty2 and inhibit
Tyl cytokine production in murine modeling sys-
tems.3436 In contrast to IL-6, IL-11 is not a major
autocrine growth factor in plasma cell dyscrasis, such as
multiple myeloma.37 The role of IL-11 in the in vivo
acute phase response has also been questioned.3®

IL-11 INTHE LUNG

To define the role(s) of IL-11 in pulmonary homeosta-
tic responses, early studies from our laboratory and others
used in vitro approaches to determine which lung cells
have the ability to produce this cytokine. At baseline, IL-
11 mRNA was not detected or was barely detected in nor-
mal lung tissue and a variety of primary lung cells and
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FIG 1. Schematic illustration shows the stimuli that induce IL-11 production, the cells that produce IL-11 in
the lung, and the major effector functions of IL-11 in pulmonary and extrapulmonary tissues.

transformed lung cell lines. In contrast, appropriately
stimulated fibroblasts, epithelial cells, human airway
smooth muscle cells, and eosinophils were noted to pro-
duce and/or contain impressive quantities of this moi-
ety.39-42 A variety of stimuli were shown to induce IL-11
elaboration by these cells, including TGF-f,, TGF-$,,
TGF-B5, IL-1, TNF, calcium ionophore, phorbol esters,
and prostaglandin E,.39-4143 Histamine and eosinophil
major basic proteins were also demonstrated to augment

cytokine-induced IL-11 elaboration.4445 Surprisingly, the
asthma-associated viruses, rhinovirus, respiratory syncy-
tial virus, and parainfluenza virus type 3 also stimulated
IL-11 elaboration.#146 In accord with these findings,
exaggerated levels of IL-11 were found in nasal secre-
tions from children with viral upper respiratory tract
infections in which the presence of IL-11 correlated with
upper respiratory tract infection symptomatology and the
presence of clinically detectable bronchospasm.46
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FIG 2. Components of the lung-targeted overexpression transgenic systems used in the investigation of IL-
11. The single-construct constitutive system is presented in A; the dual-construct inducible system is pre-

sented in B.

OVEREXPRESSION TRANSGENIC MODELING
OF IL-11

At the conclusion of the experiments noted above,
experimentalists were faced with a dilemma that is char-
acteristic of the post-genome era. They knew that the pro-
tein product of the gene in question (IL-11) was produced
in large quantities by lung cells and was present in exag-
gerated amounts in secretions from patients with lung dis-
ease. However, the effector functions of the protein in the
lung were completely undefined. To begin to define the
effects of IL-11 in the lung, overexpression transgenic
modeling was used. Both constitutive and externally reg-
ulatable (inducible) modeling systems were part of this
effort. The advantages and disadvantages of these systems
and the insights that they provided are outlined below.

Constitutive modeling

In these early studies, the Clara cell 10-kDa protein
(CC10) promoter was used to target IL-11 to the lung. The
CC10 promoter was chosen on the basis of its known
propensity to express transgenes in airway Clara cells (and
to a lesser extent alveolar type II cells) and the knowledge
that Clara cells make up approximately 40% of the cells in
the murine airway epithelium (versus 3% in human
beings). In these systems, the CC10 promoter initiates
gene transcription in utero and drives transgene expression
in a constitutive fashion thereafter. To generate these (and
the other mice described in this report), the requisite genet-
ic constructs (Fig 2) were prepared, linearized, purified,
and microinjected into the pronuclei of fertilized zygotes.
The eggs were then placed in the uteri of pseudopregnant
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FIG 3. Histologic features of CC10-IL-11 transgenic mice. The photomicrographs compare transgene-nega-
tive and transgene-positive mice through use of hematoxylin-eosin and Trichrome evaluations. Airway

fibrosis and enlarged alveoli are readily apparent.

female mice that were allowed to carry to term. Transgene-
positive founder animals and transgene-negative littermate
controls were identified through use of Southern and/or
PCR analysis of DNA derived from tail biopsies, and the
phenotypes of the animals were defined. When lungs from
the transgene-positive CC10-IL-11 mice were compared
with lungs from the transgene-negative littermate control
animals, an interesting phenotype was appreciated in the
former.#7 This phenotype included (1) nodular collections
of peribronchiolar mononuclear cells, (2) subepithelial air-
way fibrosis, and (3) enlarged alveoli (Fig 3; some data not
shown). The mononuclear nodules contained large num-
bers of B220-positive and MHC Class II-positive B cells
and lesser numbers of CD3+, CD4+, and/or CD8+ T cells.
They might represent exaggerated accumulations of
bronchus-associated lymphoid tissue. The fibrotic
response contained increased amounts of type III and type
I collagen, increased numbers of o-smooth muscle actin—
and desmin-containing cells, and a spectrum of structural
elements, including fibroblasts, myofibroblasts, and
smooth muscle cells. Physiologic abnormalities were also
prominent in these animals; IL-11 transgene-positive ani-
mals manifested airways obstruction at baseline and air-
ways hyperresponsiveness on methacholine challenge.4’
The airway remodeling response and the physiologic
abnormalities that were noted were similar in many ways
to the findings in human asthma.

Inducible overexpression transgenic
modeling

The constitutive overexpression transgenic system
described above has a number of limitations. Specifically,
it is unable to accurately model waxing and waning dis-
ease processes such as asthma. In addition, it does not
allow development-dependent and adult-onset responses
to be differentiated. The latter may be particularly rele-
vant to the large alveoli seen in the CC10-IL-11 trans-

gene-positive mice. It is well known that the normal
mouse is born without true alveoli. Instead, it has large,
sacklike alveolar structures and forms true alveoli from
these sacks during the first month of life as a result of a
developmental process that includes alveolar septation.
Thus alveolar enlargement in a murine model can be
caused by processes that block alveolar development
(which is presumed to occur in bronchopulmonary dys-
plasia) or by processes that destroy otherwise normally
formed alveoli (as in human emphysema). Because
emphysema is not a routine consequence of chronic asth-
ma, we reasoned that it was important to determine which
processes were responsible for the enlarged alveoli in our
CCI10-IL-11 transgenic animals. To allow waxing and
waning responses to be emulated and to allow the influ-
ences of lung development to be adequately assessed, we
developed an inducible overexpression transgenic system
that allowed us to control the timing of transgene expres-
sion.#8 This system is based on the generation of dual
transgenic mice. As illustrated in Fig 2, the first construct
in this system contains the CC10 promoter driving the
expression of the reverse tetracycline transactivator
(rtTA). The rtTA is a fusion protein made up of a mutated
tetracycline repressor (tet-R) protein and the herpes virus
VP-16 transactivator. tet-R proteins bind with high avidi-
ty to tetracycline operator (tet-O) sites. However, the tet-
R in these constructs has been mutated in a fashion that
allows it to bind to tet-O sites only in the presence of
doxycycline. VP-16 is a powerful activator of gene tran-
scription.

The second construct contains multimers of the tet-O,
a minimal promoter, and the transgene of interest (IL-
11). Under normal circumstances, the CC10 promoter
targets rtTA to the lung. If the animal is receiving doxy-
cycline (either in its drinking water or as a subcutaneous
pellet), the rtet-R binds to the tet-O sequences, allowing
VP-16 to activate the transgene. In the absence of doxy-
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cycline, rtTA is produced but does not bind or binds
weakly to the tet-O. As a result, little or no transcription
of the transgene is noted. Thus this transgenic system
allows the investigator to induce high-level transgene
expression by adding doxycycline to the animal’s drink-
ing water and to decrease transgene expression by with-
drawing doxycycline at any point in time. In addition,
because doxycycline readily crosses the placenta and is
present in large quantities in breast milk, the system can
also be used to activate transgene expression in utero or
in neonatal (lactating) animals, respectively.

To investigate the processes that generated the
enlarged alveoli in the CC10-IL-11 transgene-positive
mice, we used the CC10-rtTA system described above
and compared the pulmonary effects of IL-11 when the
IL-11 gene was activated in utero and when it was acti-
vated in the adult lung. When gene activation was initiat-
ed in utero and continued into adulthood, subepithelial
airway fibrosis, peribronchiolar mononuclear nodules,
and alveolar enlargement were noted. When IL-11 gene
expression was delayed until the animal was >1 month
old, subepithelial fibrosis and inflammatory nodules
were noted; alveolar enlargement, however, was not
appreciated. In contrast, induction in utero and for the
first 14 days of life caused alveolar enlargement without
airway remodeling or peribronchiolar nodules.#$ Thus
subepithelial fibrosis and mononuclear nodules were
seen whenever IL-11 was induced for an adequate peri-
od. In contrast, alveolar enlargement was seen only when
IL-11 was induced during crucial stages of early lung
development. When viewed in combination, these studies
demonstrate that IL-11 causes development-dependent
and development-independent phenotypes in the murine
lung and that the alveolar enlargement in the CC10-IL-
11 transgene-positive mice is not caused by an alveolar
destructive process analogous to that seen in emphyse-
ma. They also demonstrate that IL-11 can generate air-
way remodeling in the absence of major alveolar abnor-
malities, which is analogous to the clinical picture that is
seen in most patients with chronic asthma.

IL-11 IN HUMAN ASTHMA

The utility of an animal modeling system ultimately
depends on the degree to which the paradigms that are
operative in the model reflect events in human tissues. As
a result of the studies noted above, we hypothesized that
IL-11 plays an important role in the pathogenesis of the
airway events in human asthma. To begin to test this
hypothesis, we collaborated with Minshall et al42 in stud-
ies in which in situ hybridization and immunohistochem-
istry were used to evaluate the expression of IL-11
mRNA and the accumulation of IL-11 protein in biopsies
from patients with mild, moderate, and severe asthma
and normal controls. IL-11 protein and mRNA were not
prominent features of the normal airway. In addition, IL-
11 protein and mRNA were not found in exaggerated
quantities in biopsies from patients with mild asthma. In
contrast, heightened expression of IL-11 mRNA and
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exaggerated accumulation of IL-11 protein were noted in
epithelial cells and subepithelial eosinophils in tissues
from patients with moderate and severe disease. When
the patients with asthma in this study were looked at as a
group, an impressive correlation was seen between the
expression of IL-11 and disease severity. In addition, an
impressive inverse correlation was noted between the
number of cells expressing IL-11 and the FEV in these
patients.42 These studies demonstrate that IL-11 is selec-
tively expressed in airways from patients with moderate
and severe asthma with airway remodeling. They also
highlight the impressive similarities between the airway
phenotype of the CC10-IL-11 transgene-positive mice
and the pathologic features in these human airway biop-
sies. Last, these studies illustrate how knowledge of the
phenotype of the CC10-IL-11 transgene-positive mice
helped us to decide which subpopulation of patients with
asthma to study. Had our studies of human asthma been
performed without knowledge of the remodeling pheno-
type induced by IL-11 in these animals, patients with
mild disease would have been the first to be studied, a
negative result would have been obtained, and we would
have falsely concluded that IL-11 was not expressed in
an abnormal fashion in asthmatic tissues.

EFFECTS OF IL-11 ON AIRWAY
INFLAMMATION AND INJURY

The studies noted above demonstrate that IL-11
induces tissue fibrosis and is found in exaggerated quan-
tities in airway biopsies from patients with asthma. Stud-
ies were next undertaken to determine whether this IL-11
was produced as a manifestation of disease pathogenesis
and/or a manifestation of airway healing and repair. We
reasoned that cytokines that are involved in healing and
repair would simultaneously induce tissue fibrosis and
the resolution of tissue inflammation (as seen with TGF-
). In contrast, we reasoned that cytokines involved in
inducing a fibrotic response that represents an attempt to
preserve organ integrity in the face of ongoing injury
would induce tissue fibrosis without necessarily inhibit-
ing ongoing inflammation. To gain insight into the role(s)
of the IL-11 that is produced in the asthmatic airway, we
characterized the effects of IL-11 in a standard murine
asthma model that involves systemic sensitization and
aerosol challenge with ovalbumin. This was done by
comparing the ovalbumin-induced responses in IL-11
transgene-positive mice and wild-type littermate trans-
gene-negative control animals. Lung-targeted IL-11 did
not alter the ability of transgene-positive and -negative
mice to be sensitized after ovalbumin exposure. IL-11
did, however, have a profound inhibitory effect on anti-
gen-induced inflammatory responses in the lung. This
inhibitory response was associated with marked diminu-
tion in eosinophil recruitment, T2 cell accumulation,
Ty2 cytokine production, and antigen-induced endothe-
lial cell VCAM-1 expression.*9 Interestingly, IL-11 did
not alter ovalbumin-induced mucus metaplasia and did
not augment Tyl cytokine elaboration. These studies
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demonstrate that IL-11 inhibits antigen-induced inflam-
mation while inducing local tissue fibrosis. This suggests
that IL-11 acts as a healing cytokine in the asthmatic air-
way and in other tissues. In accord with these observa-
tions, studies from our laboratory have also demonstrat-
ed that IL-11 has mucosal protective effects in hyperoxic
acute lung injury30 and thoracic irradiation.28

SUMMARY

Our knowledge of IL-11 has progressed impressively.
We started with a bioactivity and then used traditional
cloning and protein expression approaches to character-
ize the structure of the IL-11 genes and the proteins that
they encode. A variety of in vivo and in vitro approaches
were subsequently used to investigate the effector pro-
files of these proteins and their role(s) in biology. Over-
expression transgenic modeling was particularly impor-
tant, because it demonstrated that IL-11 induces an
airway remodeling response characterized by tissue
fibrosis, deposition of types I and III collagen, and
myocyte and myofibroblast hyperplasia. The studies also
guided investigations using human tissues which validat-
ed the predictive nature of the overexpression transgenic
models. Experimentation using the overexpression trans-
genic mice also provided insights into the role of IL-11
in the asthmatic airway by demonstrating that IL-11
inhibits inflammation while simultaneously generating
tissue fibrosis. As a result of these studies, it is reason-
able to hypothesize that IL-11 is an important mediator
of the remodeling response in the asthmatic airway and
that its elaboration reflects, at least in part, an attempt at
healing and repair in this setting.

We thank Katherine Bertier for her excellent secretarial and
administrative assistance.
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