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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 
CD44-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 through 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-Pi. Reconstitution of CD44+ 
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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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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 IgK 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. 
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riphery as a repressive compartment has been 
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ES Multipotentlal Pro-T Pro-B 
Progenitor 

Fig. 1. IgH loci are enriched at the nuclear periphery in non-B lineage cells. 2D FISH 
analysis was performed with bacterial artificial chromosome (BAC) probes [VhJ558 
(526A21), Vh15 (243G9), Vh7183 (167C1), Ch (34H6)] and a yeast artificial chro- 
mosome (YAC) probe (YAC M90E5). The green signals correspond to the VhJ558 
probe, and the nuclei were counterstained with DAPI (blue): (A) EL-4 T cells; (B) 38B9 
pro-B cells; (C) ES cells; (D) multipotential progenitors, bone marrow-derived he- 
matopoietic Lin- cells; (E) pro-T cells, DN thymocytes; and (F) pro-B cells generated 
from multipotential progenitors. Scale bars, 10 Ipm. (G) Signals were scored for 
peripheral localization by measuring images captured on a Zeiss Axioplan epifluo- 
rescence microscope (100X objective) with NIH Image software. Signals located at 
a radial distance (R) of 0.8 or greater in relation to the nuclear periphery (ascertained 
through the extremity of DAPI staining) were scored as peripheral (16). For a given 
cell type, at least 50 nuclei were scored with each probe. 

siae. Yeast telomeres form clusters at the 
nuclear periphery, which leads to enrichment 
of Sir proteins that are involved in gene 
silencing (1, 5). In human nuclei, analysis of 
whole chromosomes has revealed that a gene- 
poor chromosome is preferentially localized 
to the nuclear periphery, whereas a gene-rich 
chromosome is more centrally disposed 
(6). However, it remains to be determined 
whether gene activity in higher eukaryotes 
is regulated by perinuclear localization. 

Immunoglobulin heavy (IgH) and light 
chain (IgL) loci undergo regulated tran- 
scription and rearrangement during B lym- 
phocyte development. Ig loci are not sub- 
stantially recombined in developing T lym- 
phocytes, even though these cells share the 
recombinase proteins (Rag-1 and Rag-2), 
which are also used to rearrange T cell 
receptor (TCR) loci (7). The "accessibility 
hypothesis" suggests that developmentally 
programmed V(D)J recombination is con- 
trolled by localized alterations in chromatin 
structure (8-13). Whether such a mecha- 
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nism is sufficient to account for lineage- 
specific accessibility of Ig loci is currently 
unknown. Given the evidence that eukary- 
otic gene activity can be regulated by sub- 
nuclear compartmentalization, we investi- 
gated whether such a process might play a 
role in controlling the transcription and 
rearrangement of Ig loci during B lympho- 
cyte development. 

The IgH locus is recombined to produce a 
functional gene from three groups of gene 
segments, V, D, and J, which are sequentially 
activated for germline transcription before 
their rearrangement. During the pro-B stage 
of development, the VH array is transcribed 
and is poised to undergo V-to-DJ recombina- 
tion. Two-dimensional (2D) fluorescence in 
situ hybridization (FISH) analysis was used 
to examine the nuclear disposition of IgH loci 
in murine pro-B (38B9) and T (EL-4) cell 
lines (14). Germline VH gene segments 
(VhJ558) are transcriptionally active in 38B9 
but not EL-4 cells (15). Strikingly, about 50% 
of signals from each of three VH probes 
(VhJ558, Vhl5, and Vh7183) were preferen- 
tially localized to the nuclear periphery (R > 

0.8) (16) in EL-4 cells (Fig. 1, A and G). 
However, in 38B9 nuclei the IgH loci were 
centrally disposed (R < 0.8), often with both 
alleles in close proximity (Fig. 1, B and G). If 
the IgH loci were randomly distributed in the 
nucleus, then a theoretical maximum of 22% 
of the FISH signals would be expected to be 
peripheral in this analysis (14). To verify our 
2D results, we performed three-dimensional 
(3D) FISH. Confocal.analysis showed 95% 

of the VhJ558 signals at the periphery in 
EL-4 nuclei; however, only 5% were perinu- 
clear in 38B9 cells (Fig. 2, A and B) (14, 17). 
These data validate our 2D approach and 
confirm that the IgH locus is enriched at the 
nuclear periphery in EL-4 T cells, whereas it 
is excluded from this domain in 38B9 pro-B 
nuclei. 

To determine whether the subnuclear 
compartmentalization of the IgH locus is 
modulated during lymphocyte, develop- 
ment, we performed 2D FISH analysis on 
multipotential hematopoietic progenitors 
(Lin-), pro-B cells generated from these 
multipotential progenitors, and pro-T cells 
(DN thymocytes) (14). The pro-B cells car- 
ried D-J rearranged IgH alleles and ex- 
pressed germline VhJ55.8 gene transcripts 
that were not detected in the multipotential 
progenitors and pro-T cells (15). About 
50% of the VH signals in multipotential 
progenitors and 30% in pro-T cells were 
localized to the nuclear periphery (Fig. 1, 
D, E, and G). In contrast, fewer than 5% of 
VH signals were peripheral in pro-B nuclei 
(Fig. 1, F and G). The reduced degree of 
perinuclear localization in pro-T cells is 
correlated with their ability to undergo lim- 
ited DH-JH rearrangement (7). 

A CH probe that lies at the 3' end of the 
IgH locus consistently showed a lower per- 
centage of peripheral signals in multipoten- 
tial progenitors and pro-T cells compared 
with the 5' VhJ558 probe (Fig. 1G). This 
raises the possibility that the 3-Mb IgH 
locus may be selectively associated with 

www.sciencemag.org SCIENCE VOL 296 5 APRIL 2002 159 



REPORTS 

the nuclear periphery through the distal V mentalization of inactive IgH loci at the It has been shown that a subset of centro- 
gene segments, which may not preclude nuclear periphery appears to represent the meric heterochromatin clusters localize to the 
accessibility of the proximal D-J region to default state. Consistent with this possibil- nuclear periphery (18). To test whether the 
transcription and recombination factors. ity, IgH loci are found to be perinuclear in peripheral location of the IgH locus may be 
Note that a control probe (YAC M90E5) embryonic stem (ES) cells (Fig. 1, C and due to its association with such a heterochro- 
located about 8 cM from the IgH locus did G). These results demonstrate that the sub- matin domain, we performed 3D FISH with 
not vary in its distribution pattern in the nuclear positioning of the IgH locus is reg- the VhJ558 probe and a probe to 'y-satellite 
different cell types (Fig. 1G). The compart- ulated during lymphocyte development. DNA, the major repetitive element of mouse 

Fig. 2. The peripheral lo- 
cation of the IgH locus in 
EL-4 nuclei is not due to 
association with centro- 
meric heterochromatin. 
Images shown are single 
confocal optical sections 
through EL-4 T cells (A, 
C, and F) and 38B9 pro-B 
cells (B, D, E, and G). 
Scale bars, 2 pIm. (A and 
B) 3D FISH analysis with 
the VhJ558 probe (green) 
in which nuclei were 
counterstained with pro- 
pidium iodide (red). (C to 
E) Dual-color 3D FISH 
with y-satellite (red) and 
VhJ558 (green) probes. In 
(C), two optical sections 
showing VhJ558 signals 
of the same nucleus are 

indicated; (D) and (E) represent two different nuclei in which both alleles are seen in the 
same optical plane. In a small proportion of 38B9 nuclei, one IgH signal appeared close 
to the y-satellite signal (E). (F and G) Immuno-FISH analysis using antisera to the NH2- 
and COOH-terminal portions of lamin B (green) and the VhJ558 probe (red). At least 50 
nuclei of both cell types were scored for each analysis. 
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Fig. 3. Subnuclear compartmentalization of IgK loci, but not IgX loci, is develop- 
mentally modulated. 2D FISH analysis was performed with BAC probes to the VK32 

E co, (122K2) and VK21 (113G24) gene segment families, located at the 5' and 3' ends 

ss? 409x's w ?A@eYsgo#& w< 0@ Mg9 of the VK array, respectively. The green signals correspond to the VK21 probe, and 
C- - - -the nuclei were counterstained 'with DAPI (blue): (A) ES cells, (B) multipotential 

------_---__________--_____________________CK _ progenitors, (C) pro-T cells, and (D) pro-B cells (all as described in Fig. 1). Scale bars, 
.-Actln 10 !~m. (E) Reverse transcription polymerase chain reaction analysis using primers 

that detect 3-actin and germline CK transcripts (14). The CK transcripts are induced 
in 38B9 cells after stimulation with bacterial lipopolysaccharide (10 JLg/ml). (F) Signals were scored for peripheral localization as described in Fig. 1. 
This analysis includes probes to the IgX and X5 loci. For a given cell type, at least 50 nuclei were scored for each probe. 
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centromeres (3), using EL-4 and 38B9 cells. 
The IgH loci (97%) in EL-4 nuclei were not 
associated with centromeric heterochromatin 
(Fig. 2C). As expected, most of the transcrip- 
tionally active IgH loci (89%) in 38B9 nuclei 
were also not associated with centromeric 
heterochromatin (Fig. 2, D and E) (19). These 
results demonstrate that IgH loci are not po- 
sitioned at the periphery by an interaction 
with centromeric heterochromatin. To exam- 
ine the possibility that the peripheral IgH loci 
may be associated with the nuclear lamina, 
we performed 3D immuno-FISH with the 
VhJ558 probe and antibodies to the NH2- and 
COOH-termini of lamin B, a component of 

the nuclear lamina (14, 20). The analysis 
showed a predominant juxtaposition of VH 
signals (95%) with the nuclear lamina in 
EL-4 cells (Fig. 2F). Conversely, in 38B9 
nuclei, 95% of the VH signals were posi- 
tioned away from the nuclear lamina (Fig. 
2G). These results raise the possibility that 
the IgH locus may be sequestered at the 
nuclear periphery through an interaction with 
the nuclear lamina or its associated proteins. 

We next performed 2D FISH with probes 
to the IgK and IgX light chain loci to investi- 
gate whether peripheral localization in non-B 
lineage cells is a general property of Ig genes. 
IgK loci, like their IgH counterparts, were 
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Fig. 4. The IgH locus undergoes large-scale compaction in pro-B cells. Two-color FISH was 
performed with the VhJ558/Vh7183 and Vh15/Vh7183 probe sets on interphase nuclei: (A) EL-4, 
(B) 38B9, and (C) B220+ cells from the bone marrow of IL-7Ro-/- mice; (D) wild-type ex vivo 
expanded pro-B cells. Images represent the VhJ558/Vh7183 probe set, with the VhJ558 signal in 
green and the Vh7183 signal in red; DAPI counterstain is omitted so both signals can be seen. Scale 
bars, 10 pm. (E) Percentages of resolved (nonoverlapping) signal pairs. About 100 loci were scored 
for each cell type for each probe pair. (F) A model depicting the developmentally regulated 
subnuclear compartmentalization of Ig loci. In their default state, the IgH and IgK loci are 
sequestered at the periphery through a proposed interaction with the nuclear lamina. During early 
B cell development, this interaction is disrupted, allowing the two loci to be poised for activation 
of transcription and V(D)J recombination, which is accompanied by a compaction of the locus. 

enriched at the nuclear periphery in ES, mul- 
tipotential progenitor, pro-T, and EL-4 cells 
but were centrally disposed in pro-B and 
38B9 nuclei (Fig. 3, A to D and F). In con- 
trast, IgX loci did not exhibit an appreciable 
difference in their localization patterns in the 
various cell types and were not subject to 
perinuclear compartmentalization (Fig. 3F). 
Analysis of another B lineage-specific but 
non-Ig locus, the X5 gene, revealed a nuclear 
distribution pattern similar to the IgX locus 
(Fig. 3F). Therefore, the perinuclear position- 
ing of inactive IgH and IgK loci is not a 
general property of B lineage-restricted 
genes. 

Interestingly, the unrearranged and cen- 
trally positioned IgK loci are not undergo- 
ing appreciable germline transcription in 
pro-B cells, which suggests that nuclear 
reconfiguration of IgK loci precedes germ- 
line transcription and is not dependent on it 
(Fig. 3E). To determine whether recombi- 
nation is necessary for the nonperipheral 
nuclear positioning of IgH and IgK loci, we 
analyzed pro-B cells expanded from Rag- 
2-'- bone marrow. The vast majority of the 
germline loci in these mutant cells were 
centrally configured (14). Therefore, Ig 
gene recombination is not required for the 
central localization of the IgH and IgK loci 
in pro-B nuclei. The interleukin-7 receptor 
(IL-7R) is required for B cell development. 
In its absence, the large majority of B 
lineage progenitors are arrested at the ear- 
liest pro-B stage (B220+, CD43+, CD19-) 
(21). We therefore examined the nuclear 
disposition of Ig loci in B220+ cells isolat- 
ed from the bone marrow of IL-7Ro-/- 
mice. Both the IgH and IgK loci showed 
enrichment at the nuclear periphery (14). 
As observed for pro-T cells, the frequency 
of perinuclear localization of IgH loci was 
reduced relative to IgK loci and was also 
correlated with limited DiH-JH rearrange- 
ment (14, 15). Therefore, nuclear reposi- 
tioning of Ig loci is initiated at the early 
pro-B cell stage. Because IL-7 signaling is 
implicated in regulating VH gene accessi- 
bility, it remains possible that the IL-7R 
may function to promote the nuclear recon- 
figuration of the IgH locus (22, 23). 

Given the size of the IgH locus (about 3 
Mb), we reasoned that two-color FISH anal- 
ysis with VhJ558/Vh7183 and Vhl5/Vh7183 
probe pairs could be used to examine its 
large-scale compaction in relation to its nu- 
clear position. Inactive heterochromatic re- 
gions of chromosomes are more compacted 
than their active euchromatic counterparts 
(1). We therefore expected the inactive IgH 
loci at the nuclear periphery to appear more 
compacted than the centrally positioned ac- 
tive loci. However, the opposite correlation 
was observed, with the IgH probe pairs being 
more resolvable in EL-4 T cell nuclei (greater 
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than 40%) than in 38B9 pro-B nuclei (about 
10%) (Fig. 4, A, B, and E) (14, 16). Further 
analysis of pro-B cells and thymocytes veri- 
fied this lineage-specific difference in com- 
paction (Fig. 4, D and E) (15). This differen- 
tial compaction of the IgH locus was 
observed in interphase but not metaphase 
chromosomes. These results raised the possi- 
bility that the compacted state of the IgH 
locus in pro-B nuclei reflects a chromosomal 
structure that functions to promote long- 
range V-to-DJ rearrangement. We therefore 
tested whether the compaction is dependent 
on the expression of Rag-2 or IL-7R. No 
appreciable effect on the compacted state was 
observed in Rag-2-- pro-B cells (15). In 
contrast, B220+ cells isolated from IL-7R-/- 
bone marrow exhibited a high proportion of 
resolved signals (about 50%) for both probe 
pairs, similar to T lineage cells (Fig. 4, C and 
E). Thus, in the absence of IL-7R expression, 
the IgH locus does not make a transition into 
the more compacted state (observed in wild- 
type pro-B cells) that may facilitate long- 
range V-to-DJ rearrangement. 

Emerging evidence indicates that the nu- 
clear lamina, with its ability to interact direct- 
ly and indirectly with DNA and chromatin, is 
important for the functional organization of 
the nucleus (24). We suggest a model in 
which IgH and IgK loci, in their default state, 
are localized at the nuclear periphery through 
an interaction with the nuclear lamina, which 
would need to be disrupted during early B 
lymphocyte development (Fig. 4F). The 
unique perinuclear localization of the inactive 
IgH and IgK loci may be due to their similar 
genomic structures. Whereas the murine Igh 
locus is composed of only three functional V 
gene segments, the IgH and IgK loci contain 
100 to 200 segments and 140 segments, re- 
spectively, and they are both long gene arrays 

representing about 3 Mb of DNA (14). We 
propose that the positioning of these loci at 
the periphery inhibits their transcription and 
rearrangement by sequestration away from 
the transcription and recombination apparatus 
and/or by the assembly of a refractory struc- 
ture. After the loci are released from the 
nuclear periphery, we suggest that they un- 
dergo large-scale compaction whose function 
may be to facilitate long-range V(D)J rear- 
rangement. It will be interesting to determine 
whether TCR loci exhibit a reciprocal pattern 
of lineage-specific subnuclear compartmen- 
talization during lymphocyte development. In 
any case, the Ig loci represent a model system 
for probing the means by which the nuclear 
periphery regulates gene activity in higher 
eukaryotes. 
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