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Fig. 4. Ligand-induced structural changes in BA in comparison with those
of A (from CD11b). (A) Superposition, in stereo, of the aVB3-Mn (gray)
and aVB3-RGD-Mn (red) structures. The superposition is based on the
Ca atoms of the central B-sheet [43 atoms per structure; root mean
square deviation (RMSD), 0.42 A]. Residues of aVB3-RGD-Mn with a
distance of more than 1.5 A to corresponding residues of aVB3-Mn are
shown with thicker red lines. The major structural changes in BA involve
helices a1, a1’, a2, the F-a7 loop, and the ligand-specificity region. (B)
Maghnified view of the rearrangements at the ligand-binding site in BA.
Superposition of the propeller and BA domains of aVB3-Mn (gray) and
aVB3-RGD-Mn (aV, blue; B3, red) is based on the Ca atoms of the aV

Resolution of Lung

Inflammation by CD44

Priit Teder,” R. William Vandivier,? Dianhua Jiang,’
Jiurong Liang,? Lauren Cohn,? Ellen Puré,® Peter M. Henson,?

Paul W. Noble*

Successful repair after tissue injury and inflammation requires resolution of the in-
flammatory response and removal of extracellular matrix breakdown products. We
have examined whether the cell-surface adhesion molecule and hyaluronan receptor
CD44 plays a role in resolving lung inflammation. CD44-deficient mice succumb to
unremitting infllammation following noninfectious lung injury, characterized by im-
paired clearance of apoptotic neutrophils, persistent accumulation of hyaluronan frag-
ments at the site of tissue injury, and impaired activation of transforming growth
factor—3,. This phenotype was partially reversed by reconstitution with CD44™" cells,
thus demonstrating a critical role for this receptor in resolving lung inflammation.

propeller domain. The directions of protein movements (including the 4
A displacement of Mn?* at ADMIDAS) are indicated by red arrows. This
view differs from (A) by a rotation of 180° around a vertical axis. (C)
Superposition, in stereo, of the “liganded” (red) and "unliganded” forms
of aA from the CD11b integrin. The metal ion sphere at MIDAS is in cyan.
The superposition is based on the Ca atoms of the central B-sheet (43
atoms; RMSD = 0.43 A). Residues of liganded aA with a distance of more
than 1.5 A to corresponding residues of unliganded aA are shown with
thicker red lines. The major structural changes in oA involve helices a1,
a7, the F-a.7, and E-a6 loops. Arrows (red) indicate the direction of the
major protein movements in each case.

cell-surface miatrix binding proteins (/, 2). A
paradigm has emerged that, following tissue
injury, there is an influx of polymorphonu-
clear leukocytes (PMNs) that subsequently
undergo apoptosis and must be removed from
tissues to allow normal repair to occur. How-
ever, in vivo evidence for a relation between
removal of apoptotic PMNs and matrix frag-
ments and successful repair of injury has not
been obtained.

CD44 is a transmembrane adhesion recep-
tor and the major cell-surface receptor for the
nonsulfated glycosaminoglycan hyaluronan
(HA) (3). CD44 plays an important role in the
clearance of HA and mediates cell-matrix
interactions involved in tumor formation, me-
tastasis and T cell extravasation (4-6). HA is
present in all tissues in a high molecular
weight (MW) form in excess of 10° daltons

The pathogenesis of pulmonary fibrosis typ-
ically exhibits overlapping phases of inflam-
mation and deposition of matrix. Successful
repair of tissue injury requires resolution of

the inflammatory phase. Recent evidence has
suggested that this is an active process requir-
ing the release of soluble mediators as well as
interactions between these mediators and

(7). At sites of inflammation and tissue injury
low-MW HA species accumulate and have
proinflammatory functions (8). We examined
the role of CD44 in the resolution of lung
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injury using CD44-deficient mice that lack all
known CD44 isoforms and manifest no overt
developmental phenotype (9).

Intratracheal administration of bleomycin
has been widely used as a model to study the
mechanisms of lung injury and repair (10).
Inflammation of the alveolar interstitium is
present in the first week, followed by the
accumulation of extracellular matrix compo-
nents. C57B1/6 mice survive but develop
patchy lung fibrosis after bleomycin treat-
ment. In contrast, 75% of CD44-deficient
mice died by day 14 (Fig. 1A). Within 24
hours after intratracheal injection of bleomy-
cin, focal areas with cellular influx into the
alveolar interstitium were equally apparent in
wild-type and CD44-deficient animals. Pro-
gressive accumulation of PMNs and lympho-
cytes, with further thickening of alveolar sep-
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Fig. 1. (A) Survival following bleomycin
treatment. Saline (®) or the same volume
of saline containing bleomycin was admin-
istered intratracheally. Wild-type C57Bl/6
(OJ) and CD44-deficient mice backcrossed
six generations onto C57Bl/6 background
(M) after 5 U/kg bleomycin. (B) Lung tissue
stained with trichrome and hematoxylin
counterstaining at day 14 after treatment
with bleomycin. CD44-deficient animals
(right panel). Wild-type mice (left panel).
Magnification X 100. Twenty mice in each
group, n = 5. (C through F) Cellular profiles
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tae, was observed in wild-type animals un-
til day 7, followed by resolution of inflam-
matory cell infiltrates and fibrotic repair at
day 14 (Fig. 1B). In contrast, CD44-defi-
cient mice exhibited massive infiltration of
inflammatory cells within alveolar intersti-
tium until death by respiratory failure by
day 14 (Fig. 1B). Histologic evidence of
the persistence of lung inflammation was
confirmed by cytological analysis of cells
obtained in bronchoalveolar lavage (BAL)
(10). The total cell numbers recovered by
BAL were similar for wild-type and CD44-
deficient mice at baseline. After bleomycin
treatment, the total cell numbers peaked at
day 5 in wild-type mice and declined until
day 10. In-contrast, the total cell numbers
increased in the CD44-deficient animals
until death (Fig. 1C). Substantial increases
in PMNs, macrophages, and lymphocytes
each contributed to the increase in total
BAL counts (Fig. 1, D through F). We
examined the expression of chemokines
that might selectively recruit inflammatory
cell populations to the site of tissue injury
(8). We found that MCP-5, MIP-2, and
CRG-2 mRNAs were all induced in lung
tissue following bleomycin treatment. The
chemokine expression abated in the wild-
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following bleomycin treatment. Wild-type (CJ) and CD44-deficient (M) animals. Results are
from five animals in each group, n = 5. (G) Chemokine mRNA expression over time in
wild-type (left panel) and CD44-deficient mice (right panel). Representative of three similar

experiments.

type mice by day 7, but persisted in the
CD44-deficient mice (Fig. 1G).

In order to examine the contribution of
matrix turnover to the observed pathology we
examined the localization of HA in lung tis-
sue (11). At 7 days after bleomycin treatment,
both wild-type and CD44-deficient animals
demonstrated a similar increase in HA stain-

‘ing within the alveolar septae and alveolar

macrophages. However, at day 14, HA accu-
mulation-persisted within the interstitium in-
termixed with inflammatory cells in the
CDA44-deficient animals compared to wild-
type animals (Fig. 2A). Quantitation of HA
‘content in lung tissue revealed that CD44-
deficient mice demonstrated a similar in-
crease as wild-type mice at day 7 after bleo-
mycin treatment, but unlike the wild-type
mice, HA content continued to rise until
death (Fig. 2B). In the 25% of mice that
survived beyond day 14, the HA content de-
clines, indicating a relationship between HA
clearance and survival.

Under physiologic conditions, HA equi-
librium in the lung is maintained by mobili-
zation to the lymphatic system, where most is
degraded by the liver, and by local removal in
the alveolar interstitium, primarily by alveo-
lar macrophages (7). As a result, the baseline
BAL. fluid from wild-type and CD44-defi-
cient animals contain minute amounts of HA.
However, following bleomycin treatment HA
levels in BAL fluid from CD44-deficient
mice rose progressively, reaching 2845 =+
127 ng/ml prior to death (/2). This was sig-
nificantly greater than the concentration of
1812 * 165 ng/ml observed in the wild-type
animals measured at the same time point
(P = 0.0008). These data suggest that exces-
sive accumulation of HA in BAL fluid causes
respiratory compromise.

The accumulation of low-MW HA frag-
ments occurs by a variety of mechanisms, in-
cluding depolymerization by reactive oxygen
species, enzymatic cleavage, and de novo bio-
synthesis (/3—15). To investigate the role of
CD44 in the clearance of HA fragments, we
performed HA MW analysis on lung tissues
from CD44-deficient and wild-type mice fol-
lowing bleomycin treatment (/6). Wild-type
mice demonstrated an accumulation of lower
MW HA species (Fig. 2C). Following resolu-
tion of inflammation, there was a return to
higher MW species. Although untreated CD44-
deficient mice demonstrated a similar prepon-
derance of high-MW species as the wild-type
mice, four distinct MW peaks could be detected
with an accumulation of smaller fragments not
observed in the wild-type mice after bleomycin
treatment (Fig. 2C). These data suggest that
CD44 plays a critical role in HA homeostasis
following lung injury, and this influences the
recovery from pulmonary inflammation.

Apoptosis is considered to be a protective
mechanism allowing removal of inflammatory
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cells before lysis, thus avoiding the release of
immunogenic and potentially toxic intracellular
contents, CD44 ligation on macrophages selec-
tively promotes the uptake of apoptotic PMNs
in vitro (/7). Untreated wild-type and CD44-
deficient mice exhibit only rare apoptotic cells
in the lung interstitium (/8). However, a 13-
fold increase in the number of apoptotic cells
was detected in the lung tissue of CD44-defi-
cient mice compared to the wild type after
bleomycin treatment (Fig. 3, A and B). In order
to directly test if the accumulation of apoptotic
inflammatory cells in CD44-deficient mice was
due to impaired clearance, human PMNs made
to undergo apoptosis in vitro, were instilled
intratracheally into wild-type and CD44-defi-
cient animals (/9). Intratracheal lipopolysac-
charide (20 p.g) was instilled 72 hours before
the exogenous apoptotic PMNs to recruit in-
flammatory macrophages to the lung. CD44-
deficient mice exhibited a marked defect in
clearance of exogenous apoptotic PMNs from
BAL fluid compared to wild-type mice (Fig.
3A). The phagocytic index (Fig. 3B) further
supported an impaired ability of CD44-defi-
cient macrophages to ingest apoptotic PMNs in
vivo. Although CD44 does not appear to be a
- direct receptor for apoptotic cell recognition in
vitro (17), it does appear from these observa-
tions to play a significant, though conceivably
indirect, role in this process in vivo.

Recent evidence has suggested a funda-
mental role for transforming growth factor—
B, (TGF-B,) in down-regulating the inflam-
matory response while promoting fibrosis
(2). In vitro studies have shown that phago-
cytosis of apoptotic PMNs provides an anti-
inflammatory signal and promotes the release
of TGF-B; (J): TGF-Bs are secreted in a
latent form and are converted to an active
form by a variety of mechanisms in vitro, but
the in vivo mechanisms have not been eluci-
dated. A novel mechanism has recently been
suggested that involves a direct interaction
between the metalloproteinase MMP-9 and
CD44 resulting in the cleavage of latent
TGF-B (20). CD44-deficient animals demon-
strated much lower levels of active TGF-3,
in BAL fluid (27) relative to wild-type ani-
mals after bleomycin treatment (Fig. 3E). The
decreased levels of active TGF-B, were not
due to an absence of total TGF-B,, because
acidification of the BAL fluid to activate
latent TGF-B, demonstrated high concentra-
tions of total (latent + active) TGF-B, from
both CD44-deficient and wild-type animals
(Fig. 3E). Thus, the inflammatory phenotype
in CD44-deficient animals correlated strong-
ly with reduced activation of latent TGF-§,.

CD44 is present on both hematopoietic
cells as well as parenchymal cells such as
epithelial cells and fibroblasts. In order 'to
determine if hematopoietic CD44 was re-

- quired to resolve lung inflammation, we re-
constituted irradiated CD44-deficient mice
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Fig. 2. HA MW analysis ¥
after bleomycin treat- -2
ment. (A) Lung tissue 2
stained for HA with bi- &
otinylated HABP at day o
10 through 14. Wild- E
type (left panel) and &
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panel) mice. Represen- 7
tative staining from 10 T

experiments. (B) HA
content measured by

an HA-specific enzyme-linked immunosorbent assay
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in lungs of wild-type (CJ) and CD44-deficient mice (H).
Data are the group mean * SE (n = 7; P = 0.0078 at
day 10). (C) HA MW at day 7 in lungs of saline-treated
wild-type mouse (top panel, MW average 1.44 X 108),
bleomycin-treated wild-tyge mouse (middle panel,
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representative experiment of three performed.

Fig. 3. Clearance of apo-
ptotic cells during lung
inflammation. (A) Apo-
ptotic cells (dark brown)
in lungs of wild-type and
CD44-deficient mice at
day 7 after bleomycin.
Magnification X100. (B)
Quantitation of apopto-
tic cells after bleomycin
treatment. Fifty fields
were counted at a mag-
nification of X400 from
four experiments. Re-
sults are mean * SE, n =
4, CDA44-deficient (M)
and wild-type (O0) mice,
n = 3. (C) Human apo-
ptotic PMNs were in-
stilled into the lungs of
LPS treated mice; the
numbers of recovered
cells by BAL were count-
ed (P = 0.0096) and (D)
phagocytotic index was
calculated (P = 0.0029).
Values reported are the
mean * SE from 12 an-
imals in each group. (E)
CD44-deficient mice
generate decreased con-
centrations of active
TGF-B,. TGF-B, was
measured in  10-fold
concentrated BAL fluids,
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Fig. 4. Reversal of inflam-
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group (P = 0.0269). (D)

HA clearance at day 14 after bleomycin in wild-type, CD44-deficient, and chimeric mice. Results
are from 10 mice in each group. *P = 0.002 between wild type and CD44~/=; **P = 0.0097 between
CD44~/- and chimeric mice; and P = 0.132 between wild-type and chimeric mice.

with bone marrow from CD44" littermate
controls (22). Successful reconstitution of
CD44™ alveolar macrophages and PMNs was
demonstrated by fluorescence-activated cell
sorting analysis of BAL cells from chimeric
mice (Fig. 4A). Chimeric mice as well as
reconstituted wild-type and CD44-deficient
mice were challenged with intratracheal bleo-
mycin and survival, inflammatory cell accu-
mulation and HA content in BAL fluid were
evaluated after 14 days. The survival defect
and histologic changes in the lung tissue of
the CD44-deficient animals after bleomycin
treatment were significantly reversed by re-
constitution with CD44* bone marrow (Fig.
4B). PMNs were cleared from the BAL fluid
in both the wild-type and chimeric mice rel-
ative to the CD44-deficient mice (Fig. 4C).
HA content was also reduced in the BAL
fluid of the chimeric mice relative to the
CDA44-deficient mice (Fig. 4D). However,
there was no significant difference in BAL
fluid HA levels between wild type and chi-
meric mice suggesting that hematopoietic
CD44 is the critical determinant of HA clear-
ance after lung injury.

Previous studies have shown that CD44 is
involved in recruiting T cells to inflammatory
sites and regulates T cell-mediated endothelial
injury (23, 24). Our results identify a previously
unrecognized role for CD44 in resolving the
inflammatory response following lung injury.
CD44 deficiency leads to increased mortality
from lung injury thréugh unremitting inflam-
mation characterized by accumulation of low-
MW HA fragments, prolonged inflammatory
gene expression, decreased clearance of apo-
ptotic PMNS, and an impaired ability to gener-
ate active TGF-,. Reconstitution of CD44*

alveolar cells partially reversed the phenotype
demonstrating a requirement for CD44 in the
successful resolution of the inflammatory re-
sponse to tissue injury.
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Subnuclear
Compartmentalization of
Immunoglobulin Loci During
Lymphocyte Development
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Immunoglobulin (Ig) loci are selectively activated for transcription and rearrange-
ment during B lymphocyte development. Using fluorescence in situ hybridization,
we show that Ig heavy (H) and Igx loci are preferentially positioned at the nuclear
periphery in hematopoietic progenitors and pro-T cells but are centrally configured
in pro-B nuclei. The inactive loci at the periphery do not associate with centromeric
heterochromatin. Upon localization away from the nuclear periphery in pro-B cells,
the IgH locus appears to undergo large-scale compaction. We suggest that sub-
nuclear positioning represents a novel means of regulating transcription and re-
combination of IgH and Igk loci during lymphocyte development.

Constitutive heterochromatin and the nuclear
periphery are the two major classes of tran-
scriptionally repressive nuclear subcompart-
ments. Evidence from studies in Drosophila
and mammals suggests that the organization

of genes into heterochromatin may be one
mechanism of regulated transcriptional re-
pression (/—4). The role of the nuclear pe-
riphery as a repressive compartment has been
well established in Saccharomyces cerevi-
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