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Genetic loss of collagen VII causes recessive dystrophic epidermol-
ysis bullosa (RDEB), a skin fragility disorder that, unexpectedly,
manifests also with elevated colonization of commensal bacteria
and frequent wound infections. Here, we describe an unprece-
dented systemic function of collagen VII as a member of a unique
innate immune-supporting multiprotein complex in spleen and
lymph nodes. In this complex, collagen VII specifically binds and
sequesters the innate immune activator cochlin in the lumen of
lymphoid conduits. In genetic mouse models, loss of collagen VII
increased bacterial colonization by diminishing levels of circulating
cochlin LCCL domain. Intraperitoneal injection of collagen VII,
which restored cochlin in the spleen, but not in the skin, reacti-
vated peripheral innate immune cells via cochlin and reduced bac-
terial skin colonization. Systemic administration of the cochlin
LCCL domain was alone sufficient to diminish bacterial supercolo-
nization of RDEB mouse skin. Human validation demonstrated that
RDEB patients displayed lower levels of systemic cochlin LCCL do-
main with subsequently impaired macrophage response in in-
fected wounds. This study identifies an intrinsic innate immune
dysfunction in RDEB and uncovers a unique role of the lymphoid
extracellular matrix in systemic defense against bacteria.
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Recessive dystrophic epidermolysis bullosa (RDEB) is a skin
fragility disorder caused by mutations in the COL7A1 gene

encoding collagen VII, a large extracellular matrix (ECM) protein
and the main component of anchoring fibrils, which ensure skin
integrity (1). Mechanically induced skin blistering, painful wounds,
and healing with scarring severely impede the quality of life of the
affected individuals (2, 3). Injury-derived progressive soft tissue
fibrosis drives formation of aggressive squamous cell carcinoma,
which is the main cause of death in severe RDEB (4, 5). Collagen
VII has been viewed as a rather skin-specialized protein, but
extracutaneous expression also occurs (6). So far, the function of
collagen VII in extracutaneous structures remains elusive. One
intriguing feature of RDEB is the association with elevated col-
onization rates in skin and nasal cavities of commensal bacteria (3,
7). The increased bacterial burden is suggested to contribute to
the patients’ high predisposition to chronic infections and squa-
mous cell carcinoma development (8–10). Although open wounds
may be one factor that promotes bacterial colonization, severely
affected RDEB patients show intriguingly elevated colonization
with commensal pathogens compared with other individuals with
large wounded areas (7, 11). These observations suggest that not
the wounds per se but rather loss of collagen VII leads to dysre-
gulation of antibacterial immunity.
With the present understanding of regulation of antibacterial

defense, the connection between loss of collagen VII and in-
creased susceptibility to bacterial colonization is challenging to
make. Although cues from the ECM determine functions in
many organs, its role in immunity is less well understood. Evi-
dence is emerging that the ECM in lymphoid organs, in addition
to its obvious scaffold functions (12–15), can also directly instruct

mature immune cells (16). In this context, cochlin—an ECM
protein with expression restricted to cochlea, lymph nodes, and
spleen (16)—is of high interest. Mutations in the cochlin gene,
COCH, result in the deafness, autosomal dominant 9 (DFNA9)
syndrome, which is a syndrome with adult onset that manifests in
progressive hearing loss and vestibular dysfunction (17). The
physiological function of cochlin still needs elucidation, but
cochlin has been suggested to be involved in mechanosensing, as
well as being a local and systemic regulator of antibacterial im-
munity (16, 18, 19). Cochlin-deficient mice show impaired abilities
to clear experimentally induced lung infection with Pseudomonas
aeruginosa and Staphylococcus aureus (16).
In lymph nodes and spleen, cochlin is sequestered in lymphoid

conduits (16), tube-like ECM structures composed of a collagen
core surrounded by a microfibril layer and a basement mem-
brane (20, 21). The molecular composition of conduits varies
between the distinct areas of the splenic white pulp (15, 20–22),
pointing to differentiated roles of individual ECM components
in regulating specific immune reactions (15). In response to
bacterial infection, aggrecanase-mediated processing of cochlin,
sequestered in the lumen of follicular conduits, leads to systemic
increase of the cochlin LCCL domain. This, in turn, activates
macrophages and neutrophils peripherally and thereby stimu-
lates bacterial clearance at infection sites (16). The mechanism
of this activation is currently not completely understood, So far,
no human disease has been attributed to this line of immune

Significance

We describe a unique role for the lymphoid extracellular matrix
in maintaining systemic innate immunity. Our findings are based
on studies of the genetic skin disorder recessive dystrophic
epidermolysis bullosa in which affected individuals display dra-
matically increased bacterial colonization of skin and mucosa.
We show that the increased colonization is a consequence of
loss of the protein at fault—collagen VII—from the lymphoid
extracellular matrix. Our study describes an intrinsic innate im-
mune defect resulting from a genetic connective tissue disease.
Hence, the data will have broad implications for deciphering the
hitherto-underestimated regulatory role of the extracellular
matrix in lymphoid organs and for the understanding of path-
omechanisms in disorders of the extracellular matrix.

Author contributions: A.N. and L.B.-T. conceived the study; A.N. coordinated the study;
A.N., J.D., D.K., and L.B.-T. designed research; A.N., O.B., T.K., C.G., K.T., and D.K. per-
formed research; D.K. provided patient material and performed bacterial colonization
studies of patients; A.P.-W. contributed new reagents/analytic tools; A.N., O.B., T.K., C.G.,
K.T., J.D., A.P.-W., D.K., and L.B.-T. analyzed data; A.P.-W. provided analyses of bacteria;
and A.N. and L.B.-T. wrote the paper.

The authors declare no conflict of interest.

1To whom correspondence should be addressed. Email: alexander.nystroem@uniklinik-

freiburg.de.

1

ht
tp

://
do

c.
re

ro
.c

h
Published in "Proceedings of the National Academy of Sciences 115 (4): E705–E714, 2018"
which should be cited to refer to this work.



regulation, presumably because known mutations in the COCH
gene are rare and genotype–phenotype correlations have not
been extensively investigated (16, 17).
Based on the observation that RDEB is associated with drasti-

cally elevated susceptibility to bacterial colonization of skin, we
addressed the possible involvement of collagen VII in antibacterial
defense mechanisms. Our study revealed that extracutaneous col-
lagen VII present in lymphoid conduits supports systemic innate
immune reactions. In the conduits, collagen VII is a direct in-
teraction partner of cochlin and a component of a multiprotein
complex that establishes correct cochlin presentation. Loss of
collagen VII in mice evoked concurrent loss of cochlin from lym-
phoid conduits, resulting in an inability to activate innate immune
cells in skin and subsequent increase in bacterial colonization. The
observations in RDEB patients mirrored the findings in mice.
Notably, i.p. injection of collagen VII in collagen VII-deficient
mice, which restored cochlin in the spleen, but not in the skin,
increased systemic cochlin LCCL domain that reactivated macro-
phages and led to normalization of bacterial colonization of the
skin. Furthermore, systemic administration of the cochlin LCCL
domain was alone sufficient to decrease bacterial skin colonization
in RDEBmice. Our findings uncovered the increased susceptibility
to bacteria in RDEB as a consequence of systemic inability to meet
bacterial challenges caused by loss of collagen VII from secondary
lymphoid organs, rather than by impaired skin integrity. Further-
more, our study places focus on the lymphoid ECM as essential for
maintenance of bacterial homeostasis by the host.

Results
Elevated Bacterial Colonization of RDEB Skin Is Independent on
Wounding. Previous studies have suggested that RDEB is linked
to increased susceptibility to colonization with Staphylococcus
aureus (7). We first aimed to validate and extend these obser-
vations to other commensal bacteria by analysis of an in-
dependent RDEB patient cohort. Swab samples were taken from
skin wound areas. All 30 analyzed patients with clinical and
molecular diagnosis of severe generalized RDEB were colonized
with Staphylococcus aureus (SI Appendix, Table S1). The majority
were also cocolonized with other bacteria, primarily with Strep-
tococcus sp. and Pseudomonas aeruginosa (SI Appendix, Table S1).
Interestingly there was no apparent correlation of gender or age
with bacterial burden (SI Appendix, Table S1), the latter indicating
that the bacterial colonization in RDEB is independent of disease
progression. Wounds may promote bacterial colonization; how-
ever, compared with other patients suffering from similar open
wounds, RDEB patients displayed elevated bacterial colonization
rates (11). These observations made us hypothesize that loss of
functional collagen VII, which causes RDEB, leads to a specific
dysregulation of the ability to combat bacterial challenges.
To strengthen our hypothesis, we employed the collagen VII

hypomorphic mouse, which is a model of severe generalized
RDEB and is thus here referred to as the RDEB mouse (1). It is
particularly useful since, in contrast to human patients, the mice
do not develop large wounds due to stabilization of skin by the
fur (1, 23) (Fig. 1). In comparison with wild-type littermates,
RDEB mice kept in a specific-pathogen–free facility, showed
drastically increased bacterial burden of clinically and histolog-
ically unwounded skin (Fig. 1). Detailed analysis of the micro-
biome revealed that—similarly to RDEB patients—all RDEB
mice were colonized with Staphylococcus aureus, whereas only
one tested wild-type littermate showed skin colonization of this
commensal pathogen (SI Appendix, Table S2). In addition, all
RDEB mice were cocolonized with one or multiple additional
bacteria (SI Appendix, Table S2). Furthermore, previous pro-
teomic studies on RDEB skin had revealed a significant increase
in abundance of the antimicrobial peptide Camp (3), which has
been implicated to play an important role in defense against
invasive Staphylococcus aureus infections (24). Thus, RDEB mice

were able to respond to Staphylococcus aureus by increased
production of antimicrobial peptides, yet the bacterial coloni-
zation was elevated. Collectively, this suggested a distinctly al-
tered host response to bacteria in RDEB and led us to address
the role of collagen VII in antibacterial immunity.

Collagen VII Is Present in Lymphoid Conduits in a Unique Protein
Complex. Because the increased bacterial burden of RDEB skin
seemed to be independent of skin integrity, we reasoned that it
could result from loss of extracutaneous collagen VII. Screening
of lymphoid organs for collagen VII in wild-type mice revealed
high abundance in fiber-like structures in the splenic white pulp
(Fig. 2A). RT-PCR and Western blot analyses confirmed ex-
pression of Col7a1 mRNA (Fig. 2B), and synthesis of full-length
collagen VII in spleen (Fig. 2C). PCR analysis of mRNA
extracted from RDEB mouse spleens generated products cor-
responding to the aberrantly spliced Col7a1 detected in this
mouse model (Fig. 2B) (25), and Western blot analysis of protein
lysates from RDEB mouse spleens showed barely detectable
levels of full-length collagen VII (Fig. 2C), thus collectively
validating the expression analysis.
To determine the identity of the collagen VII-containing fi-

bers, we costained spleen for collagen VII, and the B- and T-cell
markers, B220 and Cd3e, respectively. Collagen VII was not
detected within T-cell areas but primarily present within the B-
cell follicles (Fig. 2D). Importantly, no overlap occurred with
Vegf receptor 2 staining (Fig. 2D), thus excluding endothelial
structures. Furthermore, a MOMA-1 antibody, detecting met-
allophilic macrophages present in the marginal zone, revealed
minimal colocalization with collagen VII, indicating that it was
mostly present within the follicle. Confocal microscopy showed
that the average thickness of the fiber-like structures was <1 μm,
making them likely to be conduits (Fig. 3A). Lymphoid conduits
are ECM structures composed of a collagen core surrounded by
a microfibril layer and a basement membrane creating a tube
(20). The molecular composition of the lymphoid conduits varies
within the functionally distinct regions of the lymphoid organs
(15, 20–22), suggesting that specific ECM proteins have unique
functions in regulating immune reactions. Because collagen VII
is linked to cells via a laminin 332–integrin α6β4 complex, we
reasoned this could also occur in spleen (26–28). Indeed, colla-
gen VII, laminin 332, and integrin α6β4 colocalized in the white
pulp (SI Appendix, Fig. S1). These analyses suggest that collagen

Fig. 1. Adult collagen VII-deficient mice (RDEB mice) display elevated bac-
terial skin colonization. (A) Photographs of the back, snout, and forepaws of
10-wk-old wild-type and RDEB mouse littermates and corresponding H&E
staining of forepaw sections; note the absence of large wounds. (Scale bars,
100 μm.) (B) Blood agar plates of forepaw swab samples from the mice.
(C) Quantification of the number of bacterial colonies per swab from wild-
type and RDEB mice; n = 8 per group; ***P = 0.0003 (Mann–Whitney U test).
Values represent mean ± SEM.
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VII in spleen is part of a unique multiprotein complex, similar to
complexes normally found at the dermal–epidermal junction
zone in skin.
Next, by using confocal microscopy, we determined the lo-

calization of collagen VII within lymphoid conduits more pre-
cisely. Comparative analysis of laminin α5—a component of the
basement membrane in lymphoid conduits (20)—with laminin
332 and collagen VII revealed collagen VII on the luminal side
and arranged around the lumen. Laminin α5 and laminin
332 overlapped and surrounded collagen VII on the outside (Fig.
3B and SI Appendix, Fig. S2A). To validate the analysis, we
stained conduits in the T-cell area for laminin α5 and collagen I.
This subset of conduits was chosen as they are known to contain
a distinct collagen core composed of collagen I (21, 29). Indeed,
a clear collagen core surrounded by laminin α5-containing lam-
inins was visible (SI Appendix, Fig. S2A). As additional means to
determine the localization of collagen VII in lymphoid conduits,
we made use of the fact that splenic conduits are connected to
the vasculature and conduct circulating fluids and small particles
(14). We systemically injected 10-kDa FITC-labeled dextran in
wild-type mice. Ten minutes after injection, spleens were re-
moved, fixed, and sectioned. Staining with collagen VII revealed
that FITC-positive particles were clearly present within a space
bordered with collagen VII (Fig. 3C). Collectively, our studies
suggest that collagen VII is strongly present in the microfibrillar
layer of lymphoid conduits (Fig. 3B and SI Appendix, Fig. S2A).

Collagen VII Is Expressed by Lymphoid Stromal Cells. Given the
abundance of collagen VII in a subset of splenic conduits, it was
important to identify its cellular source. Lymphoid conduits are

decorated with distinct types of stromal cells (20, 21). αSMA-
positive fibroblastic reticular cells (FRCs) and the ER-TR7 an-
tigen both identify T-cell zone conduits, whereas lactadherin
(Mfge8) and C1q identify follicular dendritic cells (FDCs), which
are associated with follicular conduits (30, 31). Immunofluores-
cence analysis revealed only limited overlap of collagen VII with
αSMA or ER-TR7 in spleen (SI Appendix, Fig. S2 B and D), but
close association with Mfge8- and C1q-positive FDCs (SI Ap-
pendix, Fig. S2 C and D). We then isolated stromal cells from
spleen and expanded them in vitro. In these cultures, which were
devoid of leukocytes and lymphocytes, as indicated by absence of
Cd45, Cd3e, and Cd19, but maintained expression of FRC and
FDC markers (Fig. 3D), ample Col7a1 expression was detected
in wild-type cells (Fig. 3D). In contrast, only aberrantly spliced
Col7a1 transcripts were detected in cells isolated from the spleen
of RDEB mice (Fig. 3D). Taken together, we concluded that
collagen VII is a unique, stromal cell-derived component that in
spleen is primarily found in follicular conduits.

Collagen VII Physically Interacts with the Innate Immune Activator
Cochlin. We were intrigued by the presence of collagen VII in
lymphoid conduits and strived to understand its function. The
previously reported elevated humoral immunity in RDEB (32,
33), together with the observation that the T-cell areas in spleen
were devoid of collagen VII, suggested that absence of collagen
VII may cause a specific impairment of innate antibacterial im-
munity. In the conduit basement membrane, collagen VII would
interact with laminin 332 and collagen IV (SI Appendix, Figs.

Fig. 2. Collagen VII is expressed in the spleen. (A) Wild-type and RDEB
mouse spleen stained for collagen VII (green). [Scale bars: 50 μm (Top);
100 μm (Bottom).] The positions of the central arteriole (CA) and marginal
zone (MZ) are indicated. (B) RT-PCR for Col7a1 and Gapdh on RNA extracted
from wild-type and RDEB mouse spleens as indicated. Arrow points to wild-
type transcript, and arrowhead to aberrantly spliced Col7a1 transcript in
RDEB mice (25). (C, Left) Western blot analysis of collagen VII in wild-type
mouse spleen lysates; 20 and 200 ng of recombinant human collagen VII
were run in parallel lanes. Arrow points to full-length collagen VII. (C, Right)
Western blot analysis of wild-type and RDEB mouse spleen lysates for col-
lagen VII and β-actin as loading control. (D) Immunofluorescence analysis of
codistribution of collagen VII (green), with B220 (B cells, red), Cd3e (T cells,
red), MOMA-1 (red), and Vegf receptor 2 (Vegfr2) (red), respectively. (Scale
bar, 100 μm.) Nuclei visualized with DAPI (blue). Asterisks indicate central
vessels visible by autofluorescence.

Fig. 3. Collagen VII is part of lymphoid conduits. (A) Confocal analysis of
splenic collagen VII structures (green). On the Left side is an XY projection,
and the Right side shows a computed YZ 3D rendition. [Scale bars: 10 μm
(Left); 1 μm (Right).] (B, Top) Maximum intensity projection of confocal Z
stack of splenic follicle stained for laminin α5 (green) and collagen VII (red).
(Scale bar, 10 μm.) (B, Bottom) A longitudinal cut, applied through computed
3D model of confocal Z-stack scans, shows collagen VII to be located inside
the laminin α5-containing conduit basement membrane. The Y and Z axes
are displayed as indicated. (C) Images of spleen sections from a wild-type
mouse 10 min after systemic injection of 10-kDa FITC-dextran (green) stained
for collagen VII (red). (Scale bars, 5 μm.) (D) RT-PCR analysis of mRNA from
wild-type spleen, or cultured SSCs from wild-type or RDEB mice for Cd45,
Cd19, Cd3e, Acta2, Itga6, Itgb4, Col7a1, and Gapdh transcripts. Absence of
Cd45, Cd19, and Cd3e transcripts confirms cultures to be devoid of leukocytes
and lymphocytes. Presence of Itgb4 transcript indicates follicular dendritic cells
in the cultures (SI Appendix, Fig. S2) (31). Arrow points to wild-type Col7a1
transcript, and arrowhead to aberrantly spliced Col7a1 transcript (25).
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S1 and S2A) (22, 34), but the luminal interaction partners
remained elusive. Relatively few proteins have been described to be
present in the lumen of lymphoid conduits. An unexpected insight
came from unrelated proteomic analysis of mouse paws (SI Ap-
pendix, Fig. S3). We noted that the abundance of the ECM protein
cochlin was drastically diminished in RDEB mouse paws (SI Ap-
pendix, Fig. S3). This sparked our interest because, in response to
bacterial infection, aggrecanase-mediated processing of cochlin
releases its LCCL domain into the circulation. The released LCCL
domain activates macrophages and neutrophils, stimulating bacte-
rial clearance (16). Cochlin was also of particular relevance as it
directly interacts with collagens (35). Importantly, spleens from
RDEB mice displayed elevated aggrecanase-1 and -2 expression
(SI Appendix, Fig. S4). In accordance with previous studies (16), we
detected aggrecanase-2 in spleen as the major aggrecanase with
cochlin-processing capability. However, in contrast to the previous
study, aggrecanase-2 was also dramatically increased in bacterially
colonized RDEB mice (SI Appendix, Fig. S4), suggesting a differ-
ence in the response of aggrecanase-1 and -2 expression to acute
infection vs. chronic bacterial colonization. Costaining of collagen
VII and cochlin revealed that, indeed, cochlin was coexpressed with
collagen VII in splenic conduits (Fig. 4A).
Of the collagens known to bind cochlin, only collagen IV is

present in splenic follicular conduits and colocalizes with collagen
VII in these structures (SI Appendix, Fig. S5) (21, 29). However,
our protein–protein binding assays showed that, in addition to
collagen IV, cochlin bound collagen VII in a saturable manner
(Fig. 4B). The binding to collagen VII was slightly but significantly
stronger than to collagen IV (Kd, 46 ± 8 and 79 ± 22 nM, re-
spectively; **P = 0.0062) (Fig. 4B). Direct interaction between
collagen VII and cochlin was confirmed by coimmunoprecipita-
tion of spleen lysates and splenic stromal cell-conditioned medium
(SI Appendix, Fig. S6).
Next, we wanted to determine the interaction of collagen VII

with cochlin in more detail. Cochlin has one LCCL domain and
two VWFA domains; the C-terminal VWFA2 domain has been
shown to interact with collagens including collagen IV (35). We
cloned and expressed the LCCL, VWFA1, and two domains (SI
Appendix, Fig. S7), and investigated their ability to interact with
collagen IV and VII. In solid-phase assays on immobilized cochlin
domains, neither collagen IV nor collagen VII interacted with the
LCCL domain in a saturable manner (Fig. 4C). The binding to
both VWFA domains reached saturation for both collagens, but
with different patterns. Collagen IV interacted stronger with the
VWFA2 domain than with the VWFA1 domain (Kd to VWFA1,
64 ± 10 nM, vs. Kd to VWFA1m, 49 ± 13 nM; P = 0.40). In
contrast, collagen VII interacted significantly stronger with the
cochlin VWFA1 domain than with the VWFA2 domain (Kd to
VWFA1, 17 ± 7 nM, vs. Kd to VWFA2, 54 ± 8 nM; *P = 0.013)
(Fig. 4C). Collectively, our results extend previous findings (35)
and indicate a model in which the different affinities of collagen
IV and collagen VII to the cochlin VWFA domains establish di-
rectionality of cochlin in the conduits, and position the cochlin
LCCL domain toward the conduit lumen (Fig. 4D). This enables
rapid systemic release of the LCCL domain after aggrecanase-1–
and -2–mediated proteolysis.

Collagen VII Is Indispensable for Retention of Cochlin in Lymphoid
Conduits. Next, we took advantage of the highly time-specific
postnatal expansion of the splenic T-cell zone and B-cell follicle
that occurs in rodents, to gain more insight into the relationship
of collagen VII and cochlin. Immediately after birth, B cells
accumulate around central vessels in spleen (36). Splenic B-cell
follicles become recognizable during the second and third week
of life, and in lymph nodes remodeling of existing conduits in
areas previously occupied by T cells has been shown to con-
tribute to formation of follicular conduits (22, 37). Immunoflu-
orescence analysis revealed that deposition of collagen VII in

spleen was readily visible 20 d after birth and reached mature
appearance 40 d after birth (Fig. 4E). Interestingly, cochlin de-
position mirrored the temporal and spatial pattern of collagen
VII expression (Fig. 4E), suggesting a close functional relation-
ship. In spleens of the RDEB mice, the general architecture of
follicles, as visualized by laminin α5 staining, did not differ from
that of wild type. However, deposition of both collagen VII and
cochlin in follicles between 20 and 40 d was significantly reduced,
compared with wild-type spleens (Fig. 4E). Western blotting
confirmed clearly diminished cochlin abundance in the spleen of
adult RDEB mice, with only 61 ± 12% cochlin being present
compared with wild-type spleen (Fig. 4F). However, reduction of
collagen VII did not reduce Coch transcripts (Fig. 4G) or cochlin
synthesis in cultured splenic stromal cells (SI Appendix, Fig. S8).
Taken together, the data suggest that collagen VII is crucial for
physical retention of cochlin in splenic conduits.
Cochlin is also expressed in other secondary lymphoid organs

(16). To establish a generality of our findings for other secondary
lymphoid organs, we isolated mandibular lymph nodes from wild-
type and RDEB mice and used immunohistochemical and bio-
chemical methods to characterize them. Indeed, collagen VII was
present with cochlin in lymphoid conduits (SI Appendix, Fig. S9 A–
C). However, the distribution of both proteins was slightly dif-
ferent from spleen, and collagen VII and cochlin were also found
outside the B-cell areas, pointing to potentially divert and addi-
tional functions of the collagen VII–cochlin complex in spleen and
lymph nodes. Importantly, cochlin was also significantly reduced
in RDEB mouse lymph nodes (SI Appendix, Fig. S9 C and D).
Western blots of whole-lymph node protein extracts confirmed the
immunohistological analyses (SI Appendix, Fig. S9E). Given that
lymph nodes would largely be involved in maintaining regional
immunity and spleen would to a greater extent support systemic
immunity, we focused our following studies on spleen.
To conclusively demonstrate that retention of cochlin in lymphoid

conduits depended on collagen VII, we systemically ablated Col7a1
expression in a tamoxifen-inducible Col7a1 knockout mouse (1). In
accordance with the previously established half-life of collagen VII
(38), tamoxifen treatment led to a significant loss of collagen VII in
skin and spleen after >10 wk (Fig. 5 A and B). Notably, cochlin was
concomitantly lost from spleen in a manner that paralleled collagen
VII abundance (Fig. 5 B and C). Remarkably, ablation of collagen
VII, with concurrent loss of cochlin from spleen, promoted bacterial
colonization of skin (Fig. 5D and E). Furthermore, there was a good
negative correlation with collagen VII abundance and bacterial
colonization of the skin (Fig. 5F). It is important to point out that
this effect was achieved in absence of, and preceded, significant
breach of skin integrity (Fig. 5A) (38).

The Lymphoid Collagen VII–Cochlin Axis Maintains Bacterial Colonization
Homeostasis of Skin. We next sought to determine the immuno-
logical relevance of the above findings. Loss of cochlin as a con-
sequence of collagen VII deficiency in lymphoid conduits
suggested that RDEB patients with missing or abnormal collagen
VII are unable to increase circulating levels of the macrophage-
and neutrophil-stimulating cochlin LCCL domain during bacterial
infections. Toward this end, we first analyzed sera from patients
with severe generalized RDEB and patients with infected chronic
wounds due to venous insufficiency (non-RDEB); all patients in
both groups had at least one acutely infected wound. Healthy
volunteers with no localized or systemic infection served as con-
trols. Western blotting of the sera with a monoclonal antibody
raised against the LCCL domain showed, as expected, that the
LCCL domain was strongly increased in non-RDEB patients with
infected wounds, compared with controls. In contrast, individuals
with RDEB and infected wounds were unable to mount such re-
sponse (Fig. 6 A and B).
To assess the effect on macrophage activity, we analyzed bi-

opsies taken from infected skin wounds. Importantly, despite a
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generally increased expression of IL-6 in RDEB wounds (3), the
specific IL-6 response in macrophages was substantially ham-
pered, compared with non-RDEB wounds (Fig. 6C). These data
suggest a systemic inability to respond adequately to bacterial
challenges in RDEB owing to the loss of collagen VII–cochlin
interaction in secondary lymphoid organs.
The mechanisms by which the cochlin LCCL domain activates

innate immune cells still remain elusive. Therefore, we treated
serum-starved mouse macrophage RAW 264.7 cells with 0.3 μg/mL
recombinant mouse LCCL domain. Western blotting of cell
lysates revealed a transient increase in tyrosine phosphorylation
of distinct proteins after 5- and 30-min treatment (SI Appendix,
Fig. S10). This result suggests, in contrast to previous observations
(16), a direct rather than an indirect macrophage-activating effect
of the LCCL domain.
The cochlin abundance in wild-type mouse skin was low when

detected by proteomics and undetectable by Western blot anal-
ysis. Therefore, dermal deposits of cochlin were not likely to play
a major part in antibacterial response. Nevertheless, it was im-
portant to exclude this and confirm the role of lymphoid collagen

VII–cochlin axis in regulation of innate immunity. Toward this
end, we aimed to restore collagen VII in spleen of RDEB mice.
Previous work has shown that part of i.v. injected collagen VII
can reach wounded skin and be deposited in the dermal–epi-
dermal junction zone (39). We reasoned that i.p. injected col-
lagen VII (900 kDa) would likely be too large to be systemically
distributed, and that this mode of administration could lead to
efficient targeting of spleen. Twenty micrograms of recombinant
human collagen VII was i.p. injected, close to the spleen. One
week after injection, the first control was to test the skin. Using
both human collagen VII-specific antibodies (40) and antibodies
detecting both human and murine collagen VII, we found no
deposition of the injected collagen VII in skin by immunofluo-
rescence staining or Western blot analysis (SI Appendix, Fig. S11
A and B). Functionally, there was no evidence of increased skin
stabilization; skin from RDEB mice injected with collagen VII
still readily separated from forces applied during sectioning (SI
Appendix, Fig. S11C). On the contrary, de novo deposition of
human collagen VII was detected in splenic B-cell follicles by
using an antibody recognizing human but not murine collagen

Fig. 4. Collagen VII interacts with cochlin and is indispensable for cochlin deposition in splenic follicular conduits. (A) Immunofluorescence staining of adult
wild-type mouse spleen for cochlin (green) and collagen VII (red). (B) Solid-phase binding assay of immobilized human cochlin to human collagen IV (gray
squares) and human collagen VII (blue triangles). (C) To test the interaction with the cochlin LCCL, VWFA1, and VWFA2 domains, 100 ng of purified
recombinant murine cochlin LCCL, VWFA1, or VWFA2 domain were immobilized on microtiter plates and overlaid with increasing concentrations of human
collagen VII or collagen IV. Shown are the binding curves and Kd for collagen IV and VII calculated from four experiments. (D) A schematic model of cochlin
interactions and position in lymphoid conduits. (E) Staining of spleen from 10-, 20-, and 40-d-old wild-type and RDEB mice, as indicated. Due to the species
used for the collagen VII (red) antibody and the fact that the cochlin LCCL domain may be released, a goat polyclonal antibody detecting the cochlin VWFA
domains (green) was used for this and all subsequent double stainings with collagen VII. (F) Western blot on adult wild-type or RDEB mouse spleen lysates,
probed for collagen VII, cochlin (rabbit polyclonal antibody), and β-tubulin (Left). Densitometric quantification of three blots; cochlin expression normalized
to β-tubulin and expressed as percentage of wild type; *P = 0.0293 (Right), significance tested with paired Student’s t test. (G) qPCR analysis of Coch expression
in adult wild-type or RDEB mouse spleen. Values were normalized to Gapdh. Wild-type vs. RDEB mouse, P = 0.5458, significance tested with unpaired
Student’s t test. All values represent mean ± SEM.
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VII (Fig. 7A). Western blot analysis confirmed presence of full-
length human collagen VII in spleen (SI Appendix, Fig. S11D).
Although the distribution pattern was more diffuse than in wild-
type spleen, the newly introduced collagen VII promoted re-
tention of cochlin (Fig. 7B), which was also affirmed by Western
blotting detecting significantly increased levels of cochlin in
spleens from RDEB mice injected with recombinant collagen VII
(SI Appendix, Fig. S11 D and E). Our analyses did not exclude
deposition of the injected collagen VII in lymph nodes or other
organs, apart from skin. Importantly, the analyses also revealed
highly increased levels of circulating cochlin LCCL domain (Fig.
7C) and reactivation of previously quiescent skin-resident Cd11b-
positive neutrophils and macrophages, as indicated by increased
levels of IL-1β and IL-6 (Fig. 7 D and E). To further corroborate
the activation of innate immunity after restoration of collagen VII
in spleen but not skin, we analyzed circulating levels of IL-1β and

IL-6. Importantly, the levels of both cytokines were clearly in-
creased 1 wk after injection of collagen VII, indicative of a sys-
temically elevated antibacterial response (Fig. 7F).

The ultimate functional outcome of the reinstatement of the
collagen VII–cochlin interaction in spleen and potentially other
secondary lymphoid organs was rapid and potent resolution of the
bacterial supercolonization of collagen VII-deficient skin (Fig. 8 A
and B). Macroscopic and histopathological analyses showed no
overt benefit of the collagen VII injections on improving the skin
stability (Fig. 8A and SI Appendix, Fig. S11C). Even in mice with
severely progressed RDEB, as exemplified by a 40-wk-old mouse
(Fig. 8A), restoration of collagen VII-mediated retention of
cochlin in spleen and potentially other secondary lymphoid organs
dramatically reduced the bacterial colonization of skin (Fig. 8 A
and B). To conclusively support the causal link of reduction of
circulating levels of the cochlin LCCL domain and increased
bacterial colonization of skin in RDEB, we systemically adminis-
tered affinity-purified murine recombinant cochlin LCCL domain
in RDEB mice on 2 consecutive days (Fig. 8C). The LCCL
domain-treated RDEB mice responded with a rapid and signifi-
cant decrease in bacterial colonization 2 d after the last injection.
The benefit of the LCCL domain was sustained; bacterial colonies
were further decreased 5 d after the last injection (Fig. 8C).
Collectively, the rescue experiments validated the interrupted
collagen VII–cochlin axis as the major cause for increased bac-
terial colonization in RDEB, and revealed a multiprotein complex
including collagen VII and cochlin as a systemic supporter of in-
nate immune-mediated bacterial defense.

Discussion
Here, we provide an unexpected explanation for the increased
susceptibility to bacterial colonization of skin and nasal cavities
in RDEB. We show that this is not—as previously believed—a
consequence of loss of collagen VII from mucocutaneous surfaces
but is caused by loss of collagen VII from the secondary lymphoid
organs. This results in an inability to sustain proper systemic
control over innate immunity in response to bacterial challenges.
Although RDEB has so far been primarily viewed as a skin dis-

order, individuals with RDEB show frequent extracutaneous in-
volvement. Collagen VII is—besides skin and mucosa—present in
the ECM of multiple organs, but its functions in these organs remain
to be addressed. For example, during dental development, collagen
VII plays a direct instructive role (41), indicating that it fulfils vital,
nonredundant functions in extracutaneous tissues. Our discovery of
the role of collagen VII as an important interactor of cochlin and
provider of its directionality in secondary lymphoid organs supports
this notion. Collagen VII is a regulator of innate immunity, and this,
by extension, shifts the view of RDEB from a mucocutaneous dis-
ease to a systemic disorder with multiorgan involvement.
However, it has to be stressed that collagen VII deficiency in

skin alone may have widespread consequences, which include
localized dysregulation of TGFβ bioavailability and inflamma-
tion promoted by tissue damage (2, 3). Thus, it can be expected
that other immune cells and their respective antibacterial func-
tions are also affected by RDEB. Nevertheless, and notably, our
data point to the collagen VII–cochlin axis as being a major
supporter of dermal and systemic antibacterial immunity.
It is widely accepted that, apart from the structural defi-

ciencies, the pathology of different ECM disorders involves a
broad spectrum of complex biological mechanisms, such as en-
doplasmic reticulum stress, dysregulated autophagy, or altered
bioavailability of biologically active peptides and factors (42–46).
Here, we demonstrate that this is also the case for RDEB. The
functional role of individual ECM proteins as lymphoid conduit
components has not been appreciated, perhaps because muta-
tions in their genes often cause severe mucocutaneous pheno-
types that may overshadow their deficiency in other organs (34).
Indications exist that also defects in other basement membrane

Fig. 5. Ablation of collagen VII in adult mice leads to loss of cochlin from
spleen and increased bacterial skin colonization before affecting skin in-
tegrity. (A) Back skin from tamoxifen-inducible Col7a1 knockout mice 12 wk
after injection with tamoxifen or corn oil (vehicle). (Top andMiddle) Sections
stained for collagen VII (green) and nuclei visualized with DAPI (blue).
(Bottom) H&E staining showing no apparent dermal–epidermal separation
in vehicle- or tamoxifen-treated mice. (Scale bars, 100 μm.) (B) Spleen from
tamoxifen-inducible Col7a1 knockout mice and controls 12 wk after
knockout induction. Sections stained for collagen VII (red) or cochlin (green,
goat polyclonal antibody), as indicated. Shown are a low responder (35%
residual collagen VII compared with vehicle-treated controls) and a high
responder (20% residual collagen VII compared with vehicle-treated con-
trols), as determined by ImageJ-based quantification of antibody staining
intensity for collagen VII on five spleen sections (38). (Scale bars, 100 μm.)
(C) Plot of collagen VII abundance vs. cochlin abundance quantified by im-
munofluorescence staining as described in B. Linear regression analysis reveals
a good correlation (r2 = 0.74) of collagen VII vs. cochlin content. (D–F) Ablation
of collagen VII in adult mice results in increased bacterial colonization. Bac-
terial swabs from forepaws of mice treated as in A. (D) Photos of represen-
tative LB-agar plates. (E) Quantification of number of bacterial colonies per
plate; n = 8; **P = 0.0015, significance tested with Mann–Whitney U test.
Values represent mean ± SEM. Five tamoxifen-treated mice showed highly and
three slightly increased bacterial colonization, virtue of different knockout
efficiency. (F) Plot of collagen VII abundance vs. bacterial colonies. Linear re-
gression analysis reveals a good negative correlation (r2 = 0.81) of collagen VII
abundance vs. bacterial colonies.
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proteins may be associated with increased susceptibility to bac-
terial colonization (47).
A pertinent question in the context of skin fragility disorders,

such as RDEB, is whether wounds alone could be a sufficient
reason for increased bacterial colonization of the host. We
addressed this question in conditional collagen VII knockout
mice and showed that, upon collagen VII ablation, increased
bacterial colonization precedes reduced skin integrity and
wounds. This strongly indicates that the breakdown of the col-
lagen VII–cochlin axis and the subsequent loss of control over
systemic regulation of innate immunity is the primary cause of
increased susceptibility to bacteria in RDEB.
The loss of cochlin from collagen VII-deficient secondary

lymphoid organs despite presence of collagen IV indicates that
dual interactions with collagen IV and collagen VII or, alterna-
tively, interactions with collagen VII alone, are essential for op-
timal retention and/or structural organization of cochlin in
lymphoid conduits. Dual interactions with collagen IV and VII
would allow correct luminal presentation of the cochlin LCCL
domain (Fig. 4D). However, although cochlin was reduced in
collagen VII-deficient spleen and lymph nodes, it was not de-
creased to the same extent as collagen VII. This, together with the
incomplete overlap of collagen VII and cochlin deposition, im-
plies that cochlin and collagen VII likely also have functions in the
secondary lymphoid organs that are not strictly dependent on each
other. Given the location of both proteins in the lumen of con-
duits, they could regulate the physical properties of the conduits,
for example, the flow of liquids and particles (16).
The mechanism by which the LCCL domain of cochlin acti-

vates innate immune cells remains elusive. We provide some
support for a direct signaling function of the LCCL domain.
However, a potential receptor on macrophages and neutrophils,
and the downstream signaling mechanism remain to be identi-
fied. Furthermore, no help has been provided by genetic defects

that often indirectly increase the understanding of physiological
functions of proteins. Only very few COCH mutations have been
discerned so far (19); most of them are gain-of-function muta-
tions and cause progressive deafness as a primary phenotype.
Delineating the molecular physiology and pathomechanisms

of cochlin will be useful for designing unique antibacterial
treatments that do not contribute to drug resistance of bacteria.
To activate host cells rather than to target bacteria seems an
attractive approach. In regard to utilizing the innate immune
regulating collagen VII–cochlin axis for therapeutic purposes,
different approaches seem possible, for example, selectively
stimulating aggrecanase-1 and -2 activity and the release of the

Fig. 7. Restoration of the collagen VIl–cochlin axis increases circulating
levels of cochlin LCCL domain and activates neutrophils and macrophages in
skin. (A–F) Wild-type and RDEB mice were injected i.p. with either PBS or
20 μg of human recombinant collagen VII 1 wk before sample collection.
(A) Spleen stained for pan-collagen VII (red) and B220 (green) or human col-
lagen VII (40, green). (Scale bar, 50 μm.) (B) Spleen stained for cochlin (goat
polyclonal, green) and collagen VII (red). (Scale bar, 20 μm.) (C) Western blot of
serum (8 μL per lane) probed for cochlin; the arrow shows the released cochlin
LCCL domain (p18 fragment, rat anti-cochlin clone 9A10D2 used) (18). (D) High
magnification of skin stained for Cd11b (green) and IL-1β (red) or IL-6 (red).
Arrows indicate activated IL-1β– or IL-6–positive macrophages. (Scale bar, 5 μm.)
(A, B, and D) Nuclei visualized with DAPI (blue). (E) Quantification of the in-
tracellular staining intensity of IL-1β and IL-6 in Cd11b-positive cells; n > 100 cells
quantified per group; ***P < 0.0001 (unpaired Student’s t test). (F) Dot blots of
5 μL of serum from one PBS-injected and two collagen VII-injected RDEB mice
probed for IL-1β and IL-6. Note the clear increase of IL-1β and IL-6 in the sera
from collagen VII-injected RDEB mice, indicating an elevated systemic antibac-
terial response.Fig. 6. The innate immunity-regulating collagen VII–cochlin axis is broken

in RDEB. (A) Western blot of sera from a healthy donor (control), a donor
with a bacterially infected chronic wound (non-RDEB), and a donor with
RDEB with infected wounds (RDEB). Five microliters of serum was loaded per
lane on 15% tricine gels, and blots probed for cochlin with a monoclonal
antibody detecting the released LCCL domain (p18 fragment as indicated)
(rat anti-cochlin clone 9A10D2). (B) Densitometric quantification of bands as
in A, values expressed as the percentage of the levels in the control group.
Values represent mean ± SEM; n = 6; control vs. non-RDEB, **P = 0.0051;
RDEB vs. non-RDEB, **P = 0.0032; control vs. RDEB, P = 0.88. Significance
tested with unpaired t test with Welch’s correction. (C, Right) Wound
granulation tissue from infected non-RDEB and RDEB wounds, stained for IL-
6 (green), CD68 (red), and DAPI (blue). Note that, despite the generally in-
creased expression of IL-6 in RDEB wounds (3), its expression in CD68-positive
macrophages is significantly lower in RDEB wounds. (Scale bar, 100 μm.) (C,
Left) Quantification of the intracellular staining intensity of IL-6 in CD68-
positive cells (macrophages).
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cochlin LCCL domain, or topical application of recombinant LCCL
peptide to infected areas, or design of small molecules that activate
a putative LCCL domain receptor or its downstream signaling.
Taken together, our study promotes a shift of the view of RDEB

as a mucocutaneous blistering disorder to a systemic disease with
multiorgan involvement, identifies unique mechanisms of action of
collagen VII in secondary lymphoid organs, and opens perspectives
for biologically valid therapies based on the collagen VII–cochlin
axis. Furthermore, it underlines the role of the ECM as a controller
of immunity. The lymphoid ECM can no longer be viewed as a
passive scaffold that frames immune cell interactions, but rather it is
a dynamic instructive unit and active regulator of immunity.

Materials and Methods
Study Design. The underlying cause of the highly increased bacterial colo-
nization of skin and nasal cavities in patients suffering from severe RDEB was
investigated. For the studies, samples from human individuals with molec-
ularly confirmed severe generalized recessive RDEB were used, as well as two
genetic mouse models, the collagen VII hypomorphic RDEB mouse and a
tamoxifen-inducible Col7a1 knockout mouse (1). The RDEB mouse shows all
major signs of severe RDEB (25), and the tamoxifen-inducible Col7a1
knockout mouse allows targeted ablation of Col7a1 expression in time and
space (1). RDEB is a progressive disease. To obtain detailed information of bac-

terial colonization in relation to disease progression, we sampled individuals
with RDEB of different ages, from 3 to 67 y old. Due to having more male pa-
tients in our cohort, more male than female patients were analyzed. The studies
using the RDEB mouse aimed to confirm the finding in human patients, and
accordingly we used mice of different ages, from 6 wk, representing in-
termediately progressed RDEB, to 22 wk, representing severely progressed RDEB.
For these analyses, we used an equal number of female and male mice to ac-
count for potential gender-specific responses. The timing of swab sample col-
lection in tamoxifen-inducible Col7a1 knockout mice after Col7a1 ablation and
in RDEB mice after collagen VII injections, was chosen based on knowledge of
collagen VII tissue half-life and the dynamic of collagen VII deposition at the
dermal–epidermal junction zone after delivery into tissue (38). Sample size was
estimated on the variance from initial analysis by performing a log-rank test with
a power of 80% and for a value of P < 5%. Due to the high lethality of the RDEB
mouse, some experiments had to be run sequentially with a lower number of
mice in each group than calculated by the sample size estimation. However, for
the experiments, all groups were still included for every run. Data collection was
stopped once the sample size had reached the estimated number. Before the
experiments, the mice were randomly selected for the experimental groups.
Swab samples were given blinded to the scientist that performed the analyses.

Patient Samples and Ethics Approval. Wounds of 30 patients with molecularly
confirmed autosomal RDEB (OnlineMendelian Inheritance inMan no. 22600)
were analyzed for bacterial colonization, as a non-RDEB control group served

Fig. 8. Restoration of the collagen VIl–cochlin axis reduces skin bacterial load. (A) Photographs of sampled mice, their forepaws, H&E-stained paraffin
sections of their forepaws, and corresponding LB-agar plates. Note the epidermal dermal separation in the histological specimens of all PBS and collagen VII-
treated RDEB mouse forepaws (arrows), indicating persisting skin fragility. (Scale bar, 100 μm.) The deformities of the paws at 40 wk are due to progressive
soft tissue fibrosis in RDEB and develop with advancing course of the disease. Forepaws were swabbed just before and 1 wk after i.p. injection with PBS or
20 μg of collagen VII. (B) The percentage change in colonies in RDEB mice 1 wk after injection with PBS or collagen VII; n > 4; **P = 0.0023 (paired Student’s
t test). Values represent mean ± SEM. (C, Top) Representative LB-agar plates from swab samples taken from RDEB mice before and 5 d after the last i.p.
injection with PBS or the cochlin LCCL domain. (C, Bottom) The percentage change in colonies in RDEB mice 2 or 5 d after injection with PBS or cochlin LCCL
domain. Swab samples collected as in A. Values represent mean ± SEM; n = 6 per group; ***P < 0.0001 (paired Student’s t test).
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patients with infected chronic venous ulcers. At the time of sample collection
(serum and wound biopsies), all patients (RDEB and non-RDEB) had at least
one acutely infected wound, as determined with clinical criteria and a wound
swab culture. Healthy volunteers with no ongoing localized or systemic in-
fection served as controls. The study was performed in accordance with the
Declaration of Helsinki, approved by the ethics committee of the University of
Freiburg (approval no. 45/03). The patients gave written informed consent
before their participation.

Mice. RDEB mice and wild-type littermates were on a mixed C57BL/6:129sv
background, and tamoxifen-inducible Col7a1 knockout mice were on C57BL/
6 background (3, 38). For deletion of Col7a1 in tamoxifen-inducible knockout
mice, 4-wk-old mice received i.p. 2 μg of tamoxifen dissolved in corn oil on
5 consecutive days. The excision efficiency was analyzed by PCR on DNA from
tail biopsies collected after completion of tamoxifen treatment as previously
described (38). Control mice received injections with corn oil alone.

The mice were kept in a pathogen-free facility at the University of
Freiburg with ad libitum access to food and water; RDEB mice were also
provided a soft food diet (1). Mixed male and female mice were used for
the analyses. The studies using mice were approved by the regional review
board (Regierungspräsidium Freiburg, Freiburg, Germany; approval nos.
35/9185.81/G14-93, 35/9185.81/G09-80, and 35/9185.81/G11-70).

Antibodies. The following cochlin antibodies were used: rat anti-cochlin
(clone 9A10D2; BD Biosciences; detecting the cochlin LCCL domain, used
for detection of free LCCL domain in serum, analysis of recombinant cochlin
domains, and Western blotting), mouse anti-cochlin (Sigma-Aldrich; raised
against full-length cochlin and used for detection of free LCCL domain in
serum and analysis of recombinant cochlin domains), goat anti-cochlin (Santa
Cruz Biotechnology; recognizing the VWFA domains and used for immu-
nofluorescence staining), and rabbit anti-cochlin (Santa Cruz Biotechnology;
recognizing the VWFA domains and used for Western blotting and
immunofluorescence staining).

The following additional antibodies were used: rabbit anti-collagen VII
(Merck Millipore), rabbit anti-collagen VII (40), goat anti-collagen VII (Novus
Biologicals), rat anti-VEGFR2 clone Avas 12α1, rat anti-Cd3e (clone 17A2), rat
anti-B220 (clone RA3-6B2), rat anti-FDC-M1 (Mfge8), rat anti-integrin β4
(clone 346-11A) (BD Biosciences), rat anti-Cd11b clone M1/70 (BD Biosciences),
mouse anti–pan-phospho-tyrosine (PY20) (Abcam), rat anti-metallophilic
macrophages antibody (MOMA-1) (ab183549) (Abcam), rat anti-integrin α6
(clone GoH3) (Progen), rabbit anti–β-tubulin, rat anti–ER-TR7, rabbit anti–IL-6,
rabbit anti-mouse IL-1β (Abcam), rabbit anti-human collagen I (Acris anti-
bodies), rat anti-mouse C1q (clone 7H8) (Hycult Biotech), mouse anti-αSMA
(clone 1A4) (Sigma-Aldrich), rat anti-F4/80 (clone BM8) (eBioscience), rabbit
anti-laminin 332, and rat anti-laminin α5, as previously described (1).

Immunofluorescence Microscopy and Western Blotting. For immunofluores-
cence staining, spleens were removed immediately after killing, embedded in
Tissue-Tek CRYO-OCT (Sakura), and snap-frozen. Sections were prepared for
immunofluorescence analysis and stained with antibodies as previously de-
scribed (1). Paraffin sections were digested with 0.05% pronase (Sigma) at
37 °C for 20 min to retrieve antigens. Confocal microscopy was performed
with a LSM-I-2 Zeiss LSM 510 microscope equipped with 488-, 541-, 543-, and
633-nm lasers, and images were processed with the Zen 2012 software (Zeiss).

Protein lysates were prepared by pulverizing snap-frozen spleens by using
mortar and pestle, followed by either resuspension in Nonidet P-40–con-
taining lysis buffer for immunoprecipitation analysis or by boiling in
Laemmli loading buffer containing 8 M urea (3). The samples were analyzed
by Western blotting, as previously described (3). ImageJ (NIH) was used for
quantification of acquired immunofluorescence images and Western blots.

Proteomic Analysis. Whole-protein lysates from forepaws from six wild-type
and six RDEB mice, 4–12 wk of age, were prepared for label-free proteomics
and analyzed as previously described (3).

PCR Analysis. RNA was extracted from spleen or splenic stromal cells using
NucleoSpin RNA isolation kit (Macherey-Nagel) and reverse transcribed to
cDNA with First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). qPCR
analysis was performed by a CFX96 Real-Time system (Bio-Rad). The following
primers were used: Col7a1F, gtttgccacagtgcagtaca; Col7a1R, cgtgcgagtgt-
taccacctt; GapdhF, tcaatgaaggggtcgttgat; GapdhR, cgtcccgtagacaaaatggt;
CochF, ttaccccctcggaaacctac; CochR, acacgtgggtctcgttcaa; Cd19F, ctgggac-
tatccatccacca; Cd19R, tgtctccgaggaaacctgac; Cd3eF, ctgtctagagggcacgtcaa;
Cd3eR, gatgcggtggaacactttct; Cd45F, tatggttgtgcttggagggt; Cd45R,
atttgcccttctggacacag; Acta2F, gttcagtggtgcctctgtca; Acta2R, actgggacga-

catggaaaag; Itga6F, cctgttctgttcgccctct; Itga6R, ggagcctcttcggcttct; Itgb4F,
ctfcaactccttccaggtct; Itgb4R, atcctggacaatggcaagtc; Adamts4F, ggaggagga-
gatcgtgtttcc; Adamts4R, gctgccatcttgtcatctgctac; Adamts5F, atcttttcgccat-
gagcagtg; and Adamts5R, ggtactcgccagttttcttcttc.

Cloning and Expression of Cochlin Domains. Mouse Coch cDNA was amplified
from whole mouse spleen cDNA by PCR using Coch forward primer, tactc-
gaggaccctcgtccaggatccct, and Coch reverse primer, atgcggccgcttattgctgg-
gattctaagaagtctc, and subcloned into the pCR4-Topo vector (Invitrogen)
following the manufacturer’s instruction. The cDNA corresponding to
the VWFA 1 and 2 domains, respectively, were subsequently amplified by
PCR with the following primers: VWFA 1 forward carrying the Nhe I re-
striction site, a start codon, and the human interleukin 2 signal peptide,
gctagcatgtacaggatgcaactcctgtcttgcattgcactaagtcttgcacttgtcacaaacagtgacattgc-
atttctatt; VWFA 1 reverse carrying the Xho I restriction site and a FLAG-tag,
ctcgagttacttgtcgtcatcgtctttgtagtcgagcttctgcaccagagg; VWFA 2 forward carry-
ing the Nhe I restriction site, a start codon, and the human interleukin 2 signal
peptide, gctagcatgtacaggatgcaactcctgtcttgcattgcactaagtcttgcacttgtcacaaacagt-
aacattgcctttctgattgac; and VWFA 2 reverse carrying the Xho I restriction site
and a FLAG-tag, ctcgagttacttgtcgtcatcgtctttgtagtcttgctgggattctaagaagtctct.
After digestion with Nhe I and Xho I (Thermo Fisher Scientific), the fragments
were inserted into the mammalian expression vector pcDNA3.1+ (Invitrogen)
and sequenced by Sanger sequencing. Mouse cochlin LCCL domain corre-
sponded to the sequence catgccctcgtccaggatccctgctctctgcctcggtgcgtggctgctgctgc-
tgctgctgccccggttcgcgcgcgccgagggagcggttcccattcctgtcacctgctttaccagaggcctgg-
atatccgaaaagagaaagcagatgttctctgcccaggaggctgctctcttgaggaattctctgtgtttggg-
aacatagtgtatgcgtcagtgtccagcatctgcggcgctgctgtccataggggagtgattggcacctc-
agggggacctgtgcgtgtctacagccttcctggtcgagagaactactcctcggtagatgccaacggcatc-
cagtctcagatgctttcccgatggtccgcgtccttctacccatacgatgttccagattacgcttaa, contain-
ing the native signal sequence, and a C-terminal HA tag was synthesized
by Genecust.

HEK-293 cells were transfected with the plasmids using Lipofectamine
2000 (Invitrogen). The cells were selected with G418 (Invitrogen) and proteins
produced in serum-free medium. After collection, the media were pre-
cipitated with 80% saturated ammonium sulfate at +4 °C, the resulting pellet
was dissolved in TBS, and the peptides were purified using the HA or FLAG
antibody-conjugated Sepharose beads (Thermo Fisher Scientific). The puri-
fied peptides were separated by 15% Tricine-SDS/PAGE and analyzed by
Coomassie Brilliant Blue staining and Western blotting.

Solid-Phase Binding Assay. Human recombinant cochlin (R&D Systems) and
collagen IV (Sigma-Aldrich) were purchased, recombinant human collagen
VII was expressed and purified as previously described (48), and recombi-
nant cochlin LCCL and VWFA 1 and 2 domains were purified as described
above. One hundred nanograms of cochlin, LCCL domain, VWFA1 domain,
and domain 2 diluted in PBS were immobilized on 96-well plates (MaxiSorp
microtiter plates; Nunc) and blocked with 0.1% BSA in PBS for 1 h at room
temperature (RT). After removal of the blocking buffer, increasing colla-
gen concentrations were added to the wells. After 1-h incubation at RT,
the wells were washed with PBS, and HRP-conjugated secondary anti-
bodies were added for 1 h. Subsequently, the wells were washed with PBS,
and reactions were developed with o-phenylenediamine (Sigma-Aldrich)
for 30 min. The plates were read on an ELISA reader at 450 nm, with
695 nm as reference.

Isolation of Splenic Stromal Cells. Freshly isolated spleens were cut into small
pieces and digested with 500 U/mL collagenase type I (Worthington) for 1 h at
37 °C. The resulting slurry was then passed through a 70-μm cell strainer,
diluted in DMEM:F12 supplemented with 10% FCS (Thermo Fisher Scientific),
and seeded in tissue culture flasks (Nunc). One hour after seeding, loose and
nonadherent cells were removed by washing three times with PBS. The cells
were passaged before analyses and cultured in the presence of 50 μg/mL
ascorbic acid (added fresh daily) before assays. The purity of the cell pop-
ulation and absence of hematopoietic cells were analyzed by PCR.

RAW 264.7 Cell Culture and Treatment. RAW 264.7 cells were a kind gift from
Dr. Catherine Moali and Agnès Tessier [Institute of Biology and Chemistry of
Proteins (IBCP), Lyon, France]. The cells were cultured in DMEM supple-
mented with 10% FCS. One day before treatment, the cells were serum
starved in DMEM with no FCS. The cells were treated for 5 or 30 min with
0.3 μg/mL cochlin LCCL domain, after which they were lysed in Nonidet
P-40 lysis buffer. The lysates were analyzed by Western blotting. As control
for reactivity, cells were in parallel treated with LPS (Sigma).
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Analysis of Particle Conducting Ability. Eight-week-old mice received tail vein
injections with 100 μL of PBS–10-kDa FITC-dextran (Sigma-Aldrich) solution.
After 10 min, spleens were removed and processed for analysis by (immuno)
fluorescence imaging as described above.

Injection of Collagen VII and Cochlin LCCL Domain, and Bacterial Sampling.
RDEB mice were injected with 20 μg of human recombinant collagen VII in
PBS. The mice were injected i.p. close to the spleen, and PBS injections were used
as vehicle control. Bacterial swabs of forepaws and snout were collected just
before the injection and 1 wk thereafter. Bacteria were cultured either on blood
agar or LB agar plates. After killing, blood was collected by heart puncture and
8 μL of sera were analyzed by Western blotting on a 4–18% polyacrylamide gra-
dient gel. Spleen and skin sections were embedded in optimal cutting temperature
compound and snap-frozen or fixed in formalin and embedded in paraffin.

For treatment with the LCCL domain, RDEB mice (n = 6) were i.p. injected
with 30 μg of murine recombinant cochlin LCCL domain in PBS on 2 consec-
utive days. Bacterial swab samples of forepaws and snout were collected

before the injection, and 2 and 5 d after the last injection, and processed as
described above. PBS-injected RDEB mice were used as vehicle control.

Statistical Analysis. Shapiro–Wilk normality test was used to test normal
distribution. Equal variance was tested for by F test. The GraphPad Prism
5.03 software was used for statistical analysis, and data were analyzed using
paired, unpaired Student’s t test, unpaired t test with Welch’s correction,
and Mann–Whitney U test as indicated.
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