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Cathepsin-L Influences the Expression of Extracellular Matrix
in Lymphoid Organs and Plays a Role in the Regulation of
Thymic Output and of Peripheral T Cell Number’

Gabriela Lombardi,* Dalia Burzyn,* Juliana Mundifiano,* Paula Berguer,*
Pedro Bekinschtein,* Hector Costa,* Lilian Fedra Castillo,* Alejandra Goldman,**
Roberto Meiss,” Isabel Piazzon,* and Irene Nepomnaschy?*

Nackt mice, which are deficient in cathepsin-L (CTSL), show an early impairment during positive selection in the context of class
II MHC molecules and as a consequence, the percentage and absolute number of CD4™* thymocytes are significantly decreased.
In this study, we show that lymph nodes from nackt mice are hypertrophied, showing normal absolute numbers of CD4* T cells
and marked increases in the number of CD8" T lymphocytes. Basal proliferative levels are increased in the CD4™ but not in the
CD8* population. Lymph node T cells show increases in the expression of as, g, and B, integrin chains. These alterations
correlate with increases in the expression of extracellular matrix (ECM) components in lymph nodes. Interestingly, laminin,
fibronectin, and collagen I and IV are markedly decreased in nackt thymus which shows an augmented output of CD8™ cells.
These results demonstrate that a mutation in the Ctsl/ gene influences the levels of ECM components in lymphoid organs, the
thymic output, and the number of T cells in the periphery. They further raise the possibility that, by regulating the level of
expression of ECM components in lymphoid organs, CTSL is able to broadly affect the immune system. The Journal of Immu-

nology, 2005, 174: 7022-7032.

ells in lymphoid tissues are surrounded by a web of ex-

tracellular matrix (ECM)? glycoproteins, which contrib-

ute to the determination of the particular tissue microen-
vironment and its functional characteristics. During intrathymic
maturation, thymocytes interact with cellular and noncellular stro-
mal thymic components. Thymic ECM is not restricted to the basal
membranes, but is also heterogeneously distributed in the thymic
interstitium forming a thick network in the medullary region of the
thymic lobules, whereas very thin ECM fibers are found within the
cortex (1, 2). In lymph nodes, ECM components are abundant in
the interfollicular compartments but they are poorly expressed
in both primary and secondary follicles (3). In addition to their
mechanistical role, ECM glycoproteins are important signaling
molecules with the ability to strongly influence thymocyte and
lymphocyte programs, promoting differentiation, migration,
proliferation, and activation (4-9). Moreover, different growth
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factors, chemokines, and hormones are associated with ECM,
this association being an important factor in regulating cellular
responsiveness (10-14).

The lysosomal cysteine peptidase cathepsin-L (CTSL), an abun-
dant and ubiquitously expressed member of the papain family that
contributes to the terminal degradation of proteins in the lysosome,
can also be secreted (15). There is accumulating evidence for spe-
cific functions of CTSL and other lysosomal proteases in health
and disease (16-22). The use of “knockout” (KO) or mutant mice
deficient in CTSL has provided a valuable tool for gaining new
insights into the in vivo functions of this protease (21-27).

In mice, CTSL has been shown to be critical for epidermal
homeostasis, the regulation of the hair cycle (18, 23), and the main-
tenance of the heart structure and function (24). A role for CTSL in
trophoblast invasion (17), tumor metastasis (16), thyroid function
(25), and mammary gland involution (19) has also been demonstrated.
CTSL plays an important role in the MHC class II-mediated peptide
presentation in thymic epithelial cells, acting both in Ii degradation
(21) and in the generation of MHC class II-bound peptide ligands
presented by cortical thymic epithelial cells (22). Nakagawa et al. (21)
reported that CTSL is critical for degradation of Ii in cortical epithelial
cells and as a consequence, CTSL KO mice exhibit a marked
reduction in the percentage of CD4" cells in the thymus and the
periphery. We have shown that nackt (nkt#/nkt) mice—which carry a
mutation in the Cts/ gene (26)-have an early impairment during
positive selection of CD4 thymocytes (27). In this study, we report
that nkt/nkt mice show hypertrophied lymph nodes, which have
normal absolute numbers of CD4 ™ cells and marked increases in the
number of CD8* lymphocytes. Whereas the normalization in the
number of lymph node CD4 ™" cells correlates with increases in basal
proliferative levels, increases in CD8™ cells correlate with a signifi-
cant increase in thymic export of these T cells. Interestingly, the
thymus and lymph nodes of nkt/nkt mice show opposite alterations in
the expression levels of ECM glycoproteins.
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FIGURE 1. Alterations in cell subsets in the lymph nodes and spleen of
nkt/nkt mice. Lymphocytes from lymph nodes (A and B) or spleen (C and
D) of nkt/nkt mice (B and D) and nkt/+ littermates (A and C) were stained
with anti-CD4 and anti-CDS8 and analyzed by FACS. Dot plots depict rep-
resentative results from three different experiments. Percentages of CD4*
and CD8™ cells are indicated in each quadrant.

Materials and Methods
Mice

As described in a previous paper (28), the nkt mutant allele arose in the
laboratory animal facilities of the Martin-Luther-Universitat (Halle-Wit-
temberg, Germany) in a stock derived from irradiated founder no. 372 of
the late P. Hertwig. At the Pasteur Institute they were crossed to 129/Sv/
Pas inbred breeders for a few generations, then intercrossed. Mice segre-
gating for nkt were transferred to the animal facilities of our laboratory
where the mutant allele was backcrossed onto a BALB/c background by
performing 10 successive rounds of cross/intercross (N10). Specific patho-
gen-free nkt/nkt and nkt/+ littermates were used. BALB/c mice were pro-
duced and maintained in our animal facility. The mice were housed ac-
cording to the policies of the Academia Nacional de Medicina (National
Institutes of Health Guide for the Care and Use of Laboratory Animals).
nkt/nkt mutants were identified by their alopecy; the presence of one, two,
or no copies of the deletion in Cts/ gene was detected by RT-PCR (sense
primer 5'CAATCAGGGCTGTAACGGAGG 3', antisense primer 5'CAT-
TGAGGATCCAAGTCATG3'). Total cellular RNA from thymus was iso-
lated using an RNeasy Mini kit (Qiagen), and first-strand cDNA was syn-
thesized using cloned Avian Myeloblastosis Virus Reverse Transcriptase
(Invitrogen Life Technologies) according to the manufacturer’s protocols.
cDNA was amplified by PCR using the following conditions: 50 s at 94°C,
50 s at 60°C, 50 s at 72°C, and a final elongation step of 10 min at 72°C.

Monoclonal Abs

The following mAbs conjugated to FITC, PE, or CyChrome (Cy) were
used for flow cytometric analysis (all from BD Pharmingen): anti-CD4
(clone H129.19); anti-CD8a (clone 53-6.7); anti-CD69 (clone H1.2F3);
anti-CD44 (clone IM7), anti-CD49d (clone R1-2), anti-CD49¢ (clone
5H10-27 (MFRSY)), anti-CD49f (clone GoH3), anti-CD29 (clone Ha2/5),
anti-TCRp (clone H57-597).

7023

Cell suspensions

Single cell suspensions of lymphocytes were prepared from a pool of four
axillary and two inguinal lymph nodes as previously described (29). This
pool of lymph nodes was used to calculate the number of cells per lymph
node. Mononuclear cells from spleen were isolated by centrifugation on
Ficoll-Triyoson gradients.

Flow cytometric staining

For double or triple staining, lymphocytes from lymph nodes or spleen (10°
cells), resuspended in RPMI 1640 without phenol red (Invitrogen Life
Technologies) containing 3% FBS (Invitrogen Life Technologies), 0.1%
sodium azide, and 10 mM HEPES (Invitrogen Life Technologies), were
incubated in one step with the appropriate mAbs (27). Acquisition of
30,000 cells (or 100,000 cells for recent thymic emigrant (RTE) experi-
ments) was done using a FACScan flow cytometer (BD Biosciences) ap-
propriately set-up for two- or three-color fluorometry. Dead cells were
excluded on the basis of forward- and side-cell scatter. Background values
obtained with fluorochrome conjugate isotype controls (BD Pharmingen)
were subtracted. Results were analyzed using Cell Quest software (BD
Immunocytometry Systems).

Histology and immunohistochemistry

Thymus and lymph nodes were removed and fixed in 10% neutral-buffered
formalin. Sections were processed routinely and embedded in paraffin.
Each sample was stained with H&E. Immunohistochemistry was per-
formed using the streptavidin-biotin-peroxidase complex system LSAB
(DAKO). Endogenous peroxidase activity was blocked by 3% hydrogen
peroxide in methanol for 5 min and Ag retrieval was performed by micro-
waving. Following preblocking with normal serum, tissue slides were in-
cubated overnight with the following primary Abs: polyclonal rabbit anti-«
laminin (AB19012) (Chemicon International); polyclonal rabbit anti-« fi-
bronectin (H-300); polyclonal goat anti-c collagen I (M-19) or polyclonal
rabbit anti-a collagen IV (H-234) from Santa Cruz Biotechnology. These
incubations were followed by incubation with biotinylated anti-rabbit or
anti-goat Abs. Sections were incubated with a streptavidin-horseradish-
peroxidase complex. The peroxidase reaction was conducted using diami-
nobenzidine. Omission of the primary Ab or replacement with an irrelevant
Ab during staining gave a negative result in every case. Sections were
analyzed by a Zeiss Axiophot2 microscope. For semiquantitative analysis,
the level of immunohistochemical staining was rated as high, moderate,
low, or not detectable (3, 2, 1, and 0, respectively). Five mice per exper-
imental group were analyzed; scoring was done blindly by two independent
scorers and the results averaged for each sample. For quantitative assess-
ment of immunohistochemical staining in the thymus, images were cap-
tured using a Cool SNAP-pro color camera (Media Cybernetics). Images
were collected from five control and mutated mice. Multiple digital images
were captured and color segmentation was performed to highlight the
stained area. Image-Pro Plus software was used to calculate the number of
pixels positively stained on each image, and this value was expressed as a
percentage of the total area. Care was taken to ensure that images were
obtained from consistent regions (medullar or cortical areas of the thymus).
Image analysis was performed on coded, randomized sections by a blinded
observer.

ECM Western blot analysis

Proteins were extracted from frozen lymph nodes (—70°C) homogenized in
lysis buffer (10 mM Tris-HCI (pH 7.6)/5 mM EDTA/50 mM NaCl/30 mM
Na,P,0,/50 mM NaF/200 uM Na;VO,/1% Triton X-100/1 mM PMSF/5
mg/ml aprotinin/1 pg/ml pepstatin A/2 ug/ml leupeptin) using a Polytron.
Then the samples were incubated for 1 h at —20°C. The supernatant was

Table 1. Alterations in cell subsets in the lymph nodes and spleen of nkt/nkt mice

Absolute Number (X10~°)

Lymph node Spleen
CD8™ CD4™ B220* CD8™ CD4™ B220™
nkt/+ 1.7+ 0.6 43+ 15 1.9*+09 6.9 2.6 185+ 1.8 139.5 = 10.6
nkt/nkt 9.9 = 1.7* 40=*09 52 *2.1% 20.2 £ 6.3% 8.0 £ 3.0* 167.3 = 40.1

“ Lymphocytes from lymph nodes and spleen from nkt/nkt mice and nkt/+ littermates were stained with anti- CDS8, anti-CD4,
and anti-B220 and analyzed by FACS. Values represent the mean of total number £ SD (n = 4).
#, p < 0.01 compared to nkt/+. The experiment was performed three times with similar results.
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FIGURE 2. nkt/nkt lymph nodes show alterations in
the histological structure. A, Lymph node from nkt/+ with
normal cortical and paracortical areas (H&E, X25); inset,
follicular structure in paracortical area (H&E, X250). B,
nkt/nkt lymph node with subcapsular compressed follicles
and enlarged paracortical area (H&E, X25); inset, sub-
capsular protruded follicle of packed lymphoid cells
(H&E, X250).

kept after centrifugation at 13,000 rpm for 30 min at 4°C. Protein extracts
(0.1 mg) were resuspended in 2X sample buffer (250 mM Tris-HCI1 (pH
6.8)/4% SDS/10% glycerol/2% 2-ME/0.006% bromphenol blue), boiled
for 3 min, centrifuged briefly, and fractionated on an SDS 6 or 8% poly-
acrylamide gel. Proteins were transferred overnight onto polyvinylidene
difluoride membranes using a Bio-Rad Western blot apparatus. For West-
ern blot analysis, blots were blocked overnight with PBS with 0.1% Tween
20 (PBST) plus 5% nonfat dried milk (v/v) at room temperature for 2 h.
Blots were incubated overnight at 4°C with the primary Ab diluted in
PBST/3% BSA. Antiserum was diluted 1/400 for type IV collagen (Santa
Cruz Biotechnology) and 1/200 for laminin (Sigma-Aldrich). After three
washes in PBST, peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz
Biotechnology) was diluted to 1/25,000 and incubated for another 2 h at
room temperature. After three additional washes in PBST, protein levels
were analyzed by ECL detection system (Amersham Pharmacia Biotech).
Subsequently, membranes were washed and immunoblotted with anti-
actin to check the protein load in each lane. The intensity of ECM protein
levels was quantified using the NIH image program. To calculate the rel-
ative abundance of mutant band it was normalized to that obtained with
control mice. Western blot analysis for CTSL was conducted according to
standard protocols (30) and visualized by ECL detection kits (Amersham
Pharmacia Biotech). Ab against mouse cathepsin L (R&D Systems) was
diluted to 1/500. Anti-goat HRP (Santa Cruz Biotechnology) was diluted to
1/500 and incubated for 1 h at 37°C.

FITC labeling of thymocytes and quantification of migrant
populations in host mice

Thymocyte labeling was done as previously described by Berzins et al.
(31). Briefly, mice were anesthetized and after opening the thorax cavity,
each thymic lobe was injected with 10 ul of 500 wg/ml FITC in PBS. This
injection typically resulted in random labeling of 30-70% of thymocytes.
Mice were killed ~20 h after injection and lymphoid organs were removed
for analysis. Only animals with >50% of FITC" thymocytes were in-
cluded in experimental groups. Samples were stained with anti-CD4 Cy
and anti-CD8 PE, then analyzed by flow cytometry. Emigrant cells were
identified as live-gated FITC™ cells expressing either CD4 or CDS8. The
absolute numbers of FITC™ CD4" and FITC" CD8" cells among live-
gated cells were added to provide the total emigrant number for lymph
nodes (pooled from mesenteric, inguinal, axillary, and popliteal lymph
nodes) and spleen. These data were used for calculation of the total number
of cells exported from the injected thymus in the previous 24 h. RTE
numbers in the periphery were corrected based on the proportion of labeled
thymocytes using the formula: corrected RTE = measured RTE/x, where
x = % FITC™ thymocytes.

Proliferation

Lymphocytes from lymph node or spleen (2 X 10° cells), resuspended in
PBS (without Ca®>* and Mg?™") containing 3% FBS (Invitrogen Life Tech-
nologies), were incubated in with FITC-conjugated anti-CD4 or anti-CDS.
The cells were washed in cold PBS and resuspended in 1 ml of ethanol
70% and stored 18 h at 4°C. Cells were washed and resuspended in 500 ul
of staining solution (1 mg/ml RNase A (Sigma-Aldrich), 20 ug/ml pro-
pidium iodide (PI; Sigma-Aldrich)) in PBS containing 1g/L glucose and
incubated for 30 min. Acquisition of 30,000 cells was done using a FAC-
Scan flow cytometer.

Data presentation

Except where specified, the figures and tables contain representative results
from experiments repeated independently three times. The animals were
always tested individually.

CTSL INFLUENCES LYMPHOID ORGAN STRUCTURE AND FUNCTION

Statistics

The two-tailed Student 7 test or the Mann-Whitney U test were used to
assess the statistical significance of the results. A value of p < 0.05 was
considered indicative of a significant difference.

Results
Alterations in T cell populations in peripheral lymphoid organs
from nkt/nkt mice

We have previously reported that the positive selection of CD4™
cells is impaired in the thymus of nkt/nkt mice, thus showing a
considerable decrease in the percentage and absolute number of
CD4™" single-positive (SP) thymocytes (27). Herein we investi-
gated whether these mice showed alterations in peripheral lym-
phoid organ T cells. The spleen of nkt/nkt mice showed normal
cellularity. The percentage and the absolute number of CD4™ cells
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FIGURE 3. nkt/nkt mice show increases in the percentage of CD4*
lymph node cells expressing activation/adhesion markers. Expression of
CD69 (A and B) and CD44 (C and D) on CD4" (A and C) and CD8" (B
and D) T cells from lymph nodes of nkt/nkt or nkt/+ mice was analyzed by
FACS. The percentages of CD69" and CD44"2" cells in the CD4" and
CD8™" gates are indicated for nkt/+ or nkt/nkt. Similar numbers of total
lymph node cells were analyzed for the wild-type and the mutant samples.
A and C, The lower value of the histograms of the nkt/nkt samples reflects
the decrease in the percentage of CD4™" cells, as previously described; B
and D, the higher values of the histograms of nkt/nkt samples reflect the
increase in the percentage of CD8 " cells. Histograms depict representative
results from five independent experiments.
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Table 1. nkt/nkt mice show alterations in the expression of adhesion/activation markers on CD4" and CD8" T cell subsets in the periphery”

Lymph node Spleen
CcD8™* CcD4™ CD8* CcD4*
CD44hieh CD69* CD44hieh CD69* CD44hieh CD69* CD44hich CD69*

Experiment no. 1
nkt/+ 3410 3.0+ 1.8 83*+13 70=*35 225*95 2.8 0.8 133+ 0.1 6.0 £ 1.0
nkt/nkt 6.8 £25 49+ 15 249 £ 3. 7%%* 15.2 = 3.6* 28.6 = 8.7 1.8 09 25.6 = 2.9%* 58*07

Experiment no. 2
nkt/+ 39*08 2815 9.0=* 1.1 82+23 253 %53 3312 152+ 14 43*+08
nkt/nkt 5014 52*0.6 22.5 &= 3.0%%* 18.5 = 2.6%* 239 =37 22*13 20.3 = 2.2%* 3.6*1.1

Experiment no. 3
nkt/+ 6.1 = 1.1 28+ 1.6 10.7 £ 0.9 65+ 19 302 £ 64 22*05 175 3.0 49*+12
nkt/nkt 56*13 45*+19 26.3 £ 2.2%%* 12.6 = 2.1.6%* 27.7*39 1.3*+0.7 25.2 = 3.8% 63*+09

¢ Lymphocytes from lymph nodes and spleen of nkt/nkt mice and nkt/+ littermates were stained with anti-CD44 or anti-CD69 and anti-CD4 or anti-CD8 and analyzed by
FACS. Values represent the mean percentages of CD44"2" and CD69* gated on CD4™ and CD8™ cells = SD (n = 4). #, p < 0.02, #%, p < .01, ###, p < 0.001 compared

to nkt/+. Three of five experiments with similar results are shown.

were significantly decreased whereas the number of CD8™" cells
was increased (Fig. 1 and Table I). Lymph nodes were hypertro-
phied (17.1 X 10° = 5.1 (n = 22) total lymphocytes per lymph
node in nkt/nkt mice vs 6.0 X 10° = 3.2 (n = 15) in nkt/+ mice,
p < 0.001 (mean * SD)). The histological examination of lymph
nodes showed that the overall structure was modified by: 1) the
presence in the upper cortex of compressed subcapsular follicle-
like structures without germinal centers, mostly composed of
small, dark-stained lymphoid cells; 2) an enlarged paracortical area
that seems to compress the cortical areas and projects deeply into
the medulla; 3) a medullary area with dilated sinuses with macro-
phages and medullary cords variable in size and shape, composed
by darkly stained and loosely arranged lymphoid cells (Fig. 2).

As can be observed in Fig. 1 and Table I, although the percent-
age of CD4™" T cells was decreased in nkt/nkt lymph nodes, their
absolute number was not significantly different from that of nk#/+
mice. The percentage and absolute number of CD8" T cells in
nkt/nkt lymph nodes was markedly increased. The absolute number
of B220™ lymph node cells was also found to be increased in
nkt/nkt mice (Table I).

Concerning the expression of activation/adhesion molecules, the
percentage of CD44"" and CD69™" cells within CD4" lymph
node cells was found to be significantly increased in nkt/nkt mice.
A 3-fold increase in the percentage of CD4 ™ cells expressing high
levels of CD44 and a 2-fold increase in the percentage of cells
expressing CD69 was consistently recorded in mutant mice (Fig. 3
and Table II). In the spleen, CD4 ™" cells showed a significant in-
crease in the percentage of CD44"e" cells whereas the percentage
of CD69™ cells remained unchanged (Fig. 3). CD8™ cells did not
show significant differences in the expression of CD44 or CD69
molecules either in lymph nodes or in the spleen (Table II).

CD4™ lymphocytes from lymph nodes of nkt/nkt mice show a
significant increase in their basal proliferative level

To investigate whether cell proliferation was involved in the al-
terations observed in lymphoid organs of nkt/nkt mice, lympho-
cytes were stained with PI and FITC-conjugated anti-CD4 or anti-
CDS8 Abs. As can be shown in Fig. 4, A and B, the percentage of
proliferating CD4™ lymph node cells was significantly higher in
nkt/nkt than in nkt/+ mice (0.6 = 0.2 vs 2.7 = 0.6 in nkt/nkt mice
(n = 4), p < 0.01 (mean = SD)). No increases in proliferative
levels were found in CD4 ™" nkt/nkt splenocytes (0.6 = 0.2 vs 0.5 =
0.3, NS). CD8™ cells showed normal proliferative levels both in
the spleen (0.9 = 0.3 vs 0.8 = 0.2) and in lymph nodes (0.8 * 0.1
vs 0.6 £ 0.2) (Fig. 4, C and D).

No differences in the level of apoptosis of CD4" and CD8"
cells from lymph nodes could be detected as assessed by PI in-
corporation (CD4™" cells: 0.91 = 0.23 vs 0.86 = 0.16); CD8™
cells: 0.78 = 0.3 vs 0.81 = 0.22, in nkt/+ vs nkt/nkt mice, NS
(mean % * SD) (n = 4)). Similar results were obtained when the
level of apoptosis of CD4™ and CD8™ splenocytes was recorded
(data not shown).

Lymph nodes from nkt/nkt mice show increases in ECM
components

Immunohistochemical studies showed that the expression of ECM
glycoproteins was significantly increased in lymph nodes of nkt/
nkt mice as assessed by semiquantitative analysis. Fibronectin ex-
pression was moderately increased in the follicular areas and
highly increased in interfollicular areas, fibrous capsule, sinuses,
and vessels. Fibronectin was also strongly expressed in epithelial
cells (Fig. 5, A and B). Expression of laminin was higher in the
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FIGURE 4. CD4" T cells from lymph nodes of nkt/nkt mice show an
increase in their basal proliferative level. Lymphocytes from lymph nodes
of nkt/+ (A and C) or nkt/nkt mice (B and D) were stained with anti-CD4
or anti-CD8 and PI and analyzed by FACS. Percentages of basal prolifer-
ative level are indicated. Histograms depict representative results from
three independent experiments.
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interfollicular areas, in the fibrous capsule, and in vessels (Fig. 5,
C and D). It was also highly expressed in sinuses and epithelial
cells. For collagen type I, nkt/nkt mice show a moderate and diffuse
expression in the cortical area, with higher intensity in the fibrous
capsule (Fig. 5, E and F). nkt/nkt mice show a moderate and diffuse
expression of collagen type IV in the parenchyma, with higher
intensity in fibrous capsule (Fig. 5, G and H). Increases in the
expression of laminin and collagen IV in lymph nodes were con-
firmed using Western blot assays (Fig. 6). No differences in the
expression of these ECM components in the spleen of nkt/nkt mice
were observed (Fig. 6).

nkt/nkt mice show increases in the percentage of lymph node
CD4™" and CD8" cells expressing high levels of as,a,, and B,
integrin chains

The expression of integrin chains in lymph node T cells from nkt/
nkt and nkt/+ mice was investigated using cytofluorometric tech-
niques. A 2- to 3-fold increase in the percentage of CD4" and
CD8™ cells expressing high levels of a, as, and B, integrin chains
was consistently observed (Fig. 7 and Table III). No differences in
the level of expression of these integrin chains was observed in
CD4" or CD8" splenocytes from nkt/+ and nkt/nkt mice
(Table III).

The rate of CD8" thymic emigrants is increased in nkt/nkt mice

To investigate whether the thymic export was involved in the al-
terations observed in the peripheral T cell pool of nkt/nkt mice,

™

animals were intrathymically injected with FITC and the recent
thymic emigrant (RTE) cells were identified as live-gated FITC*
cells expressing either CD4 or CD8 molecules in the periphery
24 h later. As can be observed in Table IV, the total number of
CD4" RTE exported daily to the periphery was significantly
smaller in nkt/nkt than in nkt/+ mice whereas the total number of
CD8" RTE exported was increased more than 2-fold in
nkt/nkt mice.

The rate of thymic export was calculated as the relation of pe-
ripheral FITC"CD8* or FITC*CD4* RTE/total CD8" or CD4*
SP thymocytes, respectively (31). Whereas the rate of thymic ex-
port of CD4™ cells was not significantly different in nkt/nkt vs
control mice, a 3-fold increase in the rate of export of CD8™ thy-
mocytes was observed in nkt/nkt mice (Table IV). These data sug-
gest a direct role of augmented thymic output of CD8™ cells in the
increase of this lymphoid population registered both in lymph
nodes and in spleen from mutant mice.

Taking into account that the level of expression of CD69 on the
cell surface changes from high in the less mature SP cells to neg-
ative just before SP thymocytes exit this organ (32, 33), the ex-
pression of this marker on CD8" SP was investigated. No differ-
ences in the level of expression of CD69 were detected in the CD8
thymic compartment when thymocytes from nkt/nkt and nkt/+
mice were compared (Fig. 8). These data suggest that changes in
the speed of maturation and exit included all the stages because
neither diminution nor accumulation in any specific stage of SP
maturation could be detected.
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FIGURE 5. Alterations in the expression of ECM in lymph nodes and thymus of nk#/nkt mice. Lymph nodes of nkt/+ (A, C, E, and G) and nkt/nkt (B,
D, F, and H) mice were immunostained for: fibronectin (A and B; X400); laminin (C and D; X250); collagen type I (£ and F; X250) and collagen type
IV (G and H; X250). Thymi from nkt/+ (I, K, M, and O) and nkt/nkt (J, L, N, and P) mice were immunostained for: fibronectin (1 and J; X250); laminin
(K and L: note the low expression of laminin in the perivascular space (arrow)) (X250); collagen type I (M and N; X250) and collagen type IV (O and
P; X400).
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FIGURE 6. nkt/nkt mice show increases in ECM protein levels in lymph

nodes. A, Western blot analysis of protein extracted from nk#/+ and nkt/nkt
mice immunoblotted with anti-laminin (LN), anti-collagen type IV (Col
IV), anti-B actin. B, Quantification of the results in lymph node and spleen
of three independent mice. Each column and bar of nkt/nkt mice represents
the mean and SD of the percentages obtained when each blot was com-
pared with nkt/+. *, p < 0.01.

The thymus of nkt/nkt mice shows decreases in ECM
components

In a conventional histological study, the thymus from nkt/nkt mice
showed a loss of the basic lobular pattern mainly due to a dimin-
ished septa thickness (Fig. 9). A normally vascularized corticome-
dullar junction showed an ill-defined boundary. The corticomed-
ullar relation was altered with clear predominance of the cortex.
Less packed thymocytes were found in the outer cortex. To inves-
tigate the expression of thymic ECM glycoproteins, immunohis-
tochemical studies were conducted. A significant decrease in the
level of expression of fibronectin, laminin, and collagen I and IV
was observed not only in the medulla but also in the cortex in
mutant mice. As can be observed in Fig. 5, I and J, the decrease of
fibronectin expression was observed in epithelial cells, basal mem-
branes, and perivascular spaces. Fibronectin was minimally ex-
pressed in the capsula/septa. A general decrease in laminin expres-
sion was also observed in the thymus from nkt/nkt mice. A very
marked decrease was observed in the medullar area and in epithe-
lial cells. (Fig. 5, K and L). The expression of collagen I (Fig. 5, M
and N) and collagen VI (Fig. 5, O and P) was also diminished. A
weak stain for collagen IV was observed in both the cortical and
the medullar network and also in some scattered epithelial cells as
well as in capsule/septa and perivascular space. The expression of
collagen I showed a general diminution. Thymocytes were nega-
tive for all the ECM components studied. Staining for ECM com-
ponents was analyzed by image analysis both in the cortex and
medulla. A significant decrease in the cortical staining was ob-
served in nkt/nkt mice (laminin: 8.1 = 0.5 vs 5.5 = 0.6; fibronec-
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tin: 8.2 £ 0.9 vs 1.9 = 0.7; collagen IV: 2.2 = 0.3 vs 0.23 = 0.22;
collagen I: 5.2 = 1.0 vs 1.2 = 0.5, expressed as mean percentage
of the stained area = SEM (n = 5). In the medulla, levels of ECM
components were also shown to be significantly lower in nkt/nkt
mice (laminin 11.6 = 0.9 vs 4.2 £ 0.6; fibronectin: 11.4 £ 1.1 vs
2.6 £0.9; collagen IV: 2.24 = 0.3 vs 1.2 = 0.16; collagen I: 4.9 =
1.3 vs 0.78 = 0.3). Overall, these data indicate a clear decrease in
the main components of ECM in the thymus of nkt#/nkt mice.

Expression of integrins in thymocytes from nkt/nkt mice

The expression of integrin chains during the different stages of
thymocyte differentiation determined by the level of expression of the
TCRp chain was investigated. No differences in the level of expres-
sion of oy, as, and o (Fig. 10 and Table V) and B, (not shown)
integrin chains along the different stages of T cell maturation could be
detected.

nkt/nkt mice express a mutated CTSL

Thymus and skin extracts from nkt/nkt and nkt/+ mice were sub-
jected to Western blot analysis using the AF1515 Ab (R&D Sys-
tems) directed to aa 18-334 of recombinant mouse CTSL. This Ab
was able to detect the characteristic pattern of bands corresponding
to pre-pro, pro, and mature forms of CTSL in tissue extracts from
nkt/+ mice. Although with less intensity, a similar pattern of bands
was observed in tissue extracts from nkt/nkt mice (Fig. 11).

Discussion
We had previously described that nkt/nkt mice, which have a de-
letion in the Ctsl gene (26), showed an early impairment during
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FIGURE 7. Lymph node from nkt/nkt mice show increases in the ex-
pression of the « integrin chain on T cells. Expression of the o integrin
chain on CD4" (A) and CD8" (B) T cells from lymph nodes of nkt/nkt
mice or nkt/+ was analyzed by FACS. Percentages of o "'€" are indicated
for nkt/+ or nkt/nkt. Histograms depict representative results from three
independent experiments.
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Table 1. a4, a5 and B, integrin chain expression in T lymph node and spleen cells from nkt/nkt mice®

Lymph Node Spleen
CD4™" CD8" CD4™ CD8™
X Qs B A Qs A Qs B X s B
nkt/+ 12.8 £2.6 7619 165*14 124*13 40=*09 9311 11419 69*17 157*16 160*x19 57=*12 103=*24
nkt/nkt 27443 225*13 363x30 362x37 109x13 239x15 131*x35 83*x19 138*x24 144=x17 49=x15 119*x12

“ Lymph node or splenocytes from nkt/+ and nkt/nkt littermates were stained with anti-CD4 or anti-CD8 and anti-CD49e, anti-CD49f or anti-CD29 and analyzed by flow
cytometry. Values represent the mean percentages of cells expressing high levels of ag, as or B, integrin chains = SD (n = 4) within within CD4" and CD8" subsets. Bold
values, significantly different from nk#/+ (p < 0.01). The experiment was performed three times with similar results.

positive selection in the context of major class I MHC molecules
(27). Consequently, the percentage and absolute number of CD4 ™"
SP thymocytes were significantly decreased. No differences in the
percentage and absolute number of SP CD8™ thymocytes could be
registered.

In this study, we show that peripheral lymph nodes of nkt/nkt
mice are enlarged, showing a 2- to 3-fold increase in cell number.
Histologically, the most remarkable features were compressed sub-
capsular follicle-like structures without germinal centers and an
enlarged paracortical area that projects deeply into the medulla.
The overall structure seems to correspond to a hyperplastic non-
reactive lymph node. Accordingly, the numbers of B and T cells in
nkt/nkt lymph nodes were significantly increased. The number of
CD4™ cells was similar to that of normal littermates. This sub-
population of T cells displayed a significant overrepresentation of
cells with an activated/memory phenotype—based on the expres-
sion of CD44 and CD69 molecules—and an increased basal prolif-
erative level. The percentage and absolute number of CD8™" cells
were markedly increased. Differently from results registered in the
CD4™" population, the CD8™" subset showed a normal proportion
of cells with an activated/memory phenotype and a normal basal
proliferative level. In the spleen, which shows normal cellularity,
the number of CD4™ cells was decreased whereas CD8™ cells
were found to be highly increased. The same phenotypic charac-
teristics (i.e., increases in lymph node cellularity, in the number of
CD8™ lymph node cells and in CD4™" proliferative levels along
with higher numbers of CD4" cells expressing high levels of
CD44) were observed in nkt/nkt mice backcrossed on C57BL/6J.

The number of CD4* cells leaving the thymus daily was found
to be diminished in nkt/nkt mice and their thymic export rate—as
suggested in a previous report (27)-was not significantly altered
when compared with nkt/+ littermates. On the contrary, both the
number of CD8™ cells leaving the thymus daily and the CD8"
thymic export rate were significantly increased in mutant mice.

These data show that the marked increment in the number of
CD8™" peripheral cells correlates with increases in CD8" thymic
output. The low number of CD4™ T cells in the spleen correlates
with the decrease in CD4 thymic output. In contrast, in lymph
nodes, the mechanisms by which nk#/nkt mice reach normal num-
bers of CD4™ cells involve increases in cell proliferation.

Lysosomal cystein peptidases of the papain family exhibit high
collagenolytic (34) and elastinolytic (35) activity. Although CTSL
is located mainly in the endosomal/lysosomal compartment,
~10% is physiologically secreted and can be extracellularly acti-
vated (15). There, it is capable of processing ECM proteins such as
fibronectin, laminin, elastin, and collagen types I, IV, and XVII
(15, 34, 36-38). In turn, CTSL activity induces further ECM deg-
radation by other proteases (35, 37). In vivo, the level of CTSL
mRNA is related to tumor progression and metastatic potential,
and this is thought to be related to the ability of CTSL to degrade
ECM and basement membranes (16). In addition, it has been re-
cently proposed that CTSL plays a role in ECM degradation during
early mammary gland involution (19). Thus, the absence of CTSL
would generate the accumulation of components of the ECM as it
has been suggested for myocardium in CTSL KO mice (24) and
observed in nkt/nkt heart (our unpublished results). In accordance,
ECM components such as laminin, fibronectin, collagen I and IV
were found to be increased in lymph nodes from nkt/nkt mice.
Concomitantly, the percentage of lymph node T cells expressing
high levels of as, o, and 3, integrin chains was increased. How-
ever, in the spleen, no alterations in the level of ECM components
or changes in the level of expression of as, ag, and 3, integrin
chains in T cells could be detected.

ECM components have been shown to transduce survival sig-
nals through integrins (6, 7, 39, 40). It has also been demonstrated
that ECM components promote the proliferation of T cells by sig-
naling through integrins (9). Besides, different growth factors, che-
mokines and hormones have been shown to be associated with
ECM (10-13), this association being an important factor in regu-
lating not only their availability but also the cellular responsive-
ness (10, 12—14). Thus, it can be considered that increases in ECM
components may increase the number of niches allowing the sur-
vival of an increased number of T (and B) cells in lymph nodes and
also may favor cell proliferation. Increases in cell proliferation
were detected in CD4™ but not in CD8™" lymph node T cells. The
mechanisms underlying selective CD4 " proliferation remain un-
known. However several hypotheses can be proposed. Although
homeostatic proliferation cannot be discarded it is difficult to rec-
oncile with the presence of high numbers of CD8™ cells in lymph
nodes. Moreover, a significant percentage of CD4 ™ cells express

Table IV. Increment of thymic export of CD8" thymocytes in nkt/nkt mice”

Total CD8" RTE

CD8* RTE/SP CD8™"

Total CD4* RTE CD4™" RTE/SP CD4*

4.1 X10°*0.9
11.2 X 10° = 2.8%

nkt/+
nkt/nkt

0.05 = 0.01

0.15 = 0.03**

10.1 X 10° = 2.8
3.6 X 10° = 0.6%

0.052 = 0.028
0.066 = 0.029

“ FITC was injected intrathymically in nk#/nkt and nkt/+ littermates; 24 h later, cells from lymph nodes, spleen, and thymus
were stained with anti-CD4 and anti-CD8 and analyzed by FACS. RTE cells were identified as live-gated FITC™ cells expressing
either CD4 or CDS in the periphery. Thymic export rate was calculated as the relation of the total number of CD8 " RTE or CD4™
RTE/the total number CD8" or CD4™ simple positive thymocytes, respectively. Values represent mean number + SD (n = 4).
#,p < 0.05, #x, p < 0.001, compared to nkt/+. The experiment was performed six times with similar results.
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FIGURE 8. nkt/nkt mice show normal expression of CD69 on CD8"
thymocytes. Expression of CD69 on CD8" thymocytes from nkt/+ and
nkt/nkt was analyzed by FACS. Histogram depicts representative results
from three independent experiments.

CD69, an early marker of T cell activation which has not been
observed in cells undergoing homeostatic proliferation (41). Nei-
ther can alterations in the recognition of self Ags in the periphery
be discarded since it has been reported that CTSL KO mice display
an altered repertoire in CD4 " (22). Contrary to lymph nodes, the
spleen—which show no alterations in ECM components and inte-
grin chains levels—showed no changes in the total number or in the
basal proliferative level of CD4™" cells. Thus, it is possible that, in
a situation of low thymic output of CD4™ cells, increased ECM
components in lymph nodes could lead to their proliferation.
Overall, these results suggest that the mutation in the Cts/ gene
present in nkt/nkt mice leads to alterations in lymph node cell
counts probably by causing increases in ECM components.
Immunohistochemical studies showed that nkt/nkt mice had im-
portant decreases in several components of thymic ECM such as
laminin, fibronectin, and type I and IV collagens, both in the me-
dulla and in the cortex. The regulatory mechanisms involved in the
control of thymic ECM production and degradation are poorly un-
derstood (reviewed in Ref. 42). Although some metalloproteinases
have been shown to be constitutively expressed in human thymus
(43) and transcripts for metalloproteinase-9 have also been de-
tected in fetal mouse thymocyte precursors (44), their role in the
physiological breakdown of thymic ECM remains unclear. The
possibility exists that in nkt#/nkt mice, the lack of CTSL leads to
increases in other proteases—as it has been recently shown for pro-
cathepsin D in the thyroid gland of CTSL ™/~ mice (25)-which
could be responsible for ECM degradation. In contrast, different
factors have been involved in the control of ECM production (45—
47). In human thymic epithelial cells, insulin growth factor-1
(IGF-1) stimulates the expression of laminin and fibronectin, as
well as their receptors VLA-5 and VLA-6 (46). It has been recently
reported that CTSL-deficient fibroblasts show a decreased degra-
dation of IGF binding protein-3 (IGFBP-3) (48). Limited proteol-

FIGURE 9. nkt/nkt thymus shows alterations in the
histological structure. A, Thymus from nkt/+ mice show-
ing classical histological pattern with two well-delimited
compartments: cortex and medulla (H&E, X25); inset,
lobular pattern and cortex-medulla bound (H&E, X250).
B, nkt/nkt thymus with decreased medulla and enlarged
cortex with less packed cells (H&E, X25); X, cortex-me-
dulla diffuse border (H&E, X250).
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ysis of IGFBP from IGF/IGFBP complexes constitutes a central
mechanism for the release of IGF from these complexes (49).
Thus, a putative decrease in IGFBP degradation in the thymus
could play a role in the decreased thymic ECM composition of
nkt/nkt mice. However, we were not able to detect alterations in the
levels of laminin 1, 2, and 5 and fibronectin mRNAs in the thymus
of nkt/nkt mice (data not shown) nor in thymocyte expression of
o, O, @y, and 3, integrin chains. Therefore, these results do not
support a central role for alterations in the proteolysis of IGF/
IGFBP complexes in the thymic decrease of ECM components. In
contrast, in vitro studies have shown that thyroid hormones are
able to enhance laminin and fibronectin as well as VLA-5 and
VLA-6 expression in mouse and human thymic epithelial cells.
CTSL has been proposed to be involved in the processing and
solubilization of the prohormone thyroglobulin (47). In this sense,
alterations in thyroid function could play a role in the thymic de-
crease of ECM in nkt/nkt mice.

Whatever the mechanisms involved, decreases in thymic ECM
glycoproteins not only could greatly alter the availability and ac-
tivity of different chemokines (13, 14), hormones, and growth fac-
tors (10, 11), but also could have effects on integrins/ligands in-
teractions, thus influencing thymocyte development. Interactions
between integrins displayed by thymocytes and ECM components,
especially fibronectin and laminin, have been shown to strongly
influence T cell differentiation/maturation possibly by stabilizing
interactions between thymocytes and the epithelial components of
the thymus (4-6, 50). The interaction of thymocyte integrins with
their ECM ligands also leads to intracellular signaling (50). It has
also been proposed that thymic ECM glycoproteins would consti-
tute a macromolecular arrangement allowing differentiating thy-
mocytes to migrate (51). Dysregulated ECM production/distribu-
tion correlates with alterations in intrathymic cell maturation and
trafficking as recently shown in laminin a2-chain mutant dy’*/dy™*
mice (52) and in experimental Chagas’ disease (53). In the case of
dy’*/dy’* mice, the lack of laminin 2 (merosin) is associated with
a severe thymic atrophy resulting from apoptosis of double-posi-
tive (DP) cells. In vitro experiments suggested that the interaction
of merosin with integrin o3, in the thymus is able to block the
apoptosis of DP thymocytes. In contrast, during the course of
Trypanosoma cruzi infection, a progressive increase in fibronectin
and laminin expression correlates with increases in thymocyte mi-
gration ability; as a result, immature DP cells are found in the
periphery of infected animals.

Herein, we show that in nkt/nkt mice, the decrease in thymic
ECM components correlates with an increase both in the daily
output of CD8™ cells and in their thymic export rate. Taking into
account that the total number of hemopoietic bone marrow cells is
increased in mutant mice (our unpublished results), the high output
of mature CD8™" T cells could be related to increases in the entry
of T cell precursors into the thymus. Alterations in thymocyte traf-
fic and maturation could also be involved. Changes in thymocyte
traffic could be recorded at least in the rate of emigration of CD8™
cells. No differences in the percentage of CD8" SP thymocytes
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FIGURE 10. Expression of the a, integrin chain during thymocyte mat-
uration in nkt/nkt mice. Expression of the integrin chain on electronically
gated thymocytes expressing different levels of TCR (A, TCR"'°; B,
TCR™; C, TCR™) was analyzed by FACS. Percentages of a"¢" are indi-
cated for nkt/+ (light) or nkt/nkt (bold). Histograms depict representative
results from three independent experiments.

expressing CD69 high, intermediate, and negative levels were de-
tected in the CD8 thymic compartment when nkt/nkt and control
mice were compared. Although the mechanisms underlying the
selective increased export of CD8* SP thymocytes remain un-
known, our data suggest that changes in the speed of maturation
and exit would include all the stages of CD8" SP thymocytes since
neither diminution nor accumulation could be detected along all
stages of their maturation. Finally, it is tempting to speculate that
alterations in thymic ECM could also affect lineage commitment.
The intracellular signaling pathways stimulated by integrin-ligand
binding are shared by a number of other surface receptors ex-
pressed on thymocytes, including growth factor receptors, the
TCR-CD3 complex, CD4 and CD8 (54). It has been reported that
the intensity of signals appears to be crucial for positive selection
and CD4/CDS8 lineage commitment (55-59). Stronger and/or
longer TCR signals may be required for CD4 than for CDS lineage
commitment (56—60). In addition, it has been shown that a strong
MAPK signal is required for CD4™ differentiation (61), and that
blocking this signal favors CD8" production (61-63). Schmeiss-
ner et al. (64), using a mouse system that transgenically expresses
a chimeric molecule shown to have dominant negative effects on
integrin functions, suggested that integrin signaling is required for
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FIGURE 11. Positive CTSL expression in nkt/nkt mice. Lysates of thy-
mus and skin from nk#/+ and nkt/nkt mice were normalized to equal
amounts of protein, separated on 15% SDS gels, and immunoblotted with
an Ab against CTSL. Molecular mass markers are indicated in the left
margins.

the generation of CD4 " cells but is not essential for the production
of CD8™ cells. Moreover, the authors suggested that the disruption
of integrin function leads to a shift from the CD4 to the CDS§
lineage that correlates with an increased CD8:CD4 ratio in the
spleen (64). Although integrin activation was not investigated in
nkt/nkt mice, no alterations in the expression of o, as, ag, and B,
molecules during the different stages of thymocyte development
could be detected. However, mutant mice showed a marked de-
crease in laminin, fibronectin, collagen I and IV thymic expression.
Thus, in a scenario in which CD4 " -positive selection is impaired,
the possibility exists that thymocyte signaling through integrin-
ECM interactions is decreased and that this could influence lineage
commitment favoring a shift from the CD4" to the CD8™ fate.
Benavides et al. (26) were not able to detect CTSL in the skin
of nkt/nkt mice using the Ab M-19 from Santa Cruz Biotechnol-
ogy, raised against a peptide mapping at the C terminus of the L
chain of CTSL. The 118-bp deletion they described for CTSL in
nkt/nkt mice involves the end of exon 6 and almost all of exon 7,
sequences partially coding for the protein H and L chains. In ac-
cordance with the sequence reported (26), no C terminus of the L
chain could be expected to be produced and therefore the amino
acid sequence recognized by the M-19 Ab should be absent from
a putative mutated form of CTSL. Results reported herein show
that, although at a lower level, it has been possible to detect CTSL
in thymus and skin from nkt/nkt mice using the AF1515 Ab (R&D
Systems) directed to aa 18334 in Western blot assays. Moreover,
the immunohistochemical analysis of nkt/nkt tissues exhibited a
very strong staining for CTSL (data not shown). Chauhan et al.
(65) suggested that human CTSL lacking the 16 C-terminal amino
acids is retained in the endoplasmic reticulum presumably because
of its improper folding. Our results suggest that nkt/nkt mice ex-
press a mutated form of CTSL. The possibility exists that the pres-
ence of a mutated CTSL in nkt/nkt mice could lead to the appear-
ance of phenotypic differences between KO and nkt/nkt mice.
Therefore, it would be of interest to investigate which of the nk#/

Table V. «, and as integrin chain expression as a function of TCRB chain surface level in thymocytes from nkt/nkt or nkt/+ mice”

oy s
Low/Int High Low/int High
nkt/+ nkt/nkt nkt/+ nkt/nkt nkt/+ nkt/nkt nkt/+ nkt/nkt
TCR_*/IOW 82.0 £ 3.6 74.8 £ 8.1 10.5 £4.2 11.7 33 75.8 £2.6 71973 174 = 1.6 16.8 = 1.8
TCR"Tl 88.6 = 0.8 82.8 4.7 80*14 109+ 1.4 61.6 49 575 +5.7 363 +6.3 39.2 5.1
TCRMeh 755 *+29 683 £33 16.5 4.7 222 *+49 31.2 =39 26.1 = 4.4 652+ 5.0 70.8 = 6.7

“ Thymocytes from nkt/nkt and nkt/+ littermates were stained with anti-TCRf chain and anti-CD49d or anti-CD49¢ and analyzed by flow cytometry. Values represent the
mean percentages of cells expressing low/intermediate or high levels of a, or as integrin chains = SD (n = 4) within electonically gated populations expressing different levels

of TCR. The experiment was performed three times with similar results.
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nkt phenotypes described herein are also shared by CTSL KO
mice, to determine whether the presence of a mutated form of
CTSL plays a role in some of the alterations observed.

To our knowledge, these results demonstrate by the first time

that a mutation in the Cts/ gene is able to affect the levels of ECM
components in lymphoid organs. Moreover, the opposite effects
registered in thymic and lymph node ECM in CTSL mutant mice
further underline the variability of CTSL functions among different
organs. Results reported herein also show that the nkr mutation
broadly affects the immune system, influencing the thymic output
of CD8™ cells and the regulation of the number of T cells in the
periphery. We postulate that these influences would be a conse-
quence of alterations in ECM expression.
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