Table 1. Reported cases of anti-p200 pemphigoid in the English-language literature

Patient = Age,  Clinical features ~ Detectedantigen IIF  Treatment = Scarfor-
No.  years/fsex - fiter ... . mation
11} 72/F BP-like 200/230 1:160 Cyclosporine
2 {2} 54/M BP-like 200 1:80 TC, colchicine
3[17] 31/F BP-like 200/210 1:10 Topical steroid
48] 64/M DH-like 180/200 Systemic steroid
5[10] 72/M LABD-like 200 DDS
6 [16] 64/M Vesicular pemphigoid-like 200 Systemic steroid, DDS
7[16] 64/M Vesicular pemphigoid-like 200 Systemic steroid, DDS
8 (7] 81/M BP-like 200 TC,NA
9 [14] 69/M BP-like 200/230 MINO
10 [14] 70/M BP-like 200 TC, NA, systemic steroid
11 [14] 54/M BP-like 200 Cyclosporine
12 [14] 76/M BP-like 200/230 Systemic steroid
13 [5] 52/M BP-like 200 1:40 Topical steroid
14 [6] 61/M BP-like 200 1:40 Systemic steroid, DDS
15 [11] 66/F LABD-like 200 1:160 Systemic steroid, TC, DDS,
plasmapheresis
16 [13] 51/M BP-like, LABD-like 200/260 1:400 Systemic steroid, IVIG, DDS,
steroid pulse mycophenolate mofetil
17 [12] 28/M LABD-like 200 1:160 Systemic steroid, azathioprine
18 [35] 49/M BP-like 200 Systemic steroid, DDS -
19 [28] 29/F Vesicular pemphigoid-like 200/290 1:160 Systemic steroid, MINO, NA, -
steroid pulse
20 [9] 75/M DH-like 200 Systemic steroid, cyclosporine -
21 [3] 56/F Pompholyx-like 165/200 (cz-sub-  1:80 Systemic steroid, azathioprine -
unit of laminin 5)
22 [29] 52/F BP-like 200/290 1:32 Systemic steroid +
23 [15] 17/F BP-like 200 1:320 Systemic steroid, DDS +
24 [36] 84/M 200 -
25 [36] 91/F 200 -
26 [36] 50/M 200 -
27 [36] 74/M 200 -
28 [26] 65/M EBA-like 200/290 Systemic steroid, DDS, cyclosporine, +
mycophenolate mofetil, IVIG
29 [18] 61/M BP-like 200 1:20 Systemic steroid, DDS -
30 [18] 45/M 200 Topical steroid -
31[18] Young boy 200
32 [27] 64/F ALMMP-like 200/+v,-subunit Steroid, MINQ, IVIG +
of laminin 5
Present  53/F LABD-like 180/200 >640-fold Systemic steroid, MINO, NA, +
case dilution  steroid pulse

BP = Bullous pemphigoid; DH = dermatitis herpetiformis; LABD = linear IgA bullous dermatosis; EBA = epidermolysis bullosa
acquisita; ALMMP = antilaminin 5 mucous membrane pemphigoid; IIF = indirect immunofluorescence; TC = tetracycline; DDS =
dapsone; NA = nicotinamide; MINO = minocycline; IVIG = intravenous immunoglobulin.

therapy might, therefore, be effective for
severe and refractory anti-p200 pemphi-
goid cases.

Interestingly, this case also had IgG au-
toantibodies directed against Coll7 pres-
ent. Coexistence of autoantibodies other
than anti-p200 autoantigen in anti-p200

Severe Anti-p200 Pemphigoid

pemphigoid is uncommon, but cases with
autoantibodies to the as-chain of laminin
5 [3], the y,-subunit of laminin 5 [27] and
type VII collagen [28, 29] have been re-
ported (table 1). There hasbeen only 1 case
reported previously in which autoantibod-
ies to both Coll7 and p200 autoantigen

were detected (table 1) [8]. In autoimmune
diseases, it is well known that autoanti-
bodies of patients in the later disease stag-
es are more likely to react with multiple
sites of autoantigens than those of patients
in early stages of the disease. Thisisknown
as ‘epitope spreading’ [30-32]. However, in
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our case, IgG autoantibodies against Coll7
could already be detected from the very
early stages when the patient initially pre-
sented at our clinic. IgG autoantibodies in
bullous pemphigoid patients have been re-
ported to be directly pathogenic as they
are able to induce separation of the dermis
and epidermis in vitro [33]. In addition,
IgG autoantibodies directed against the
NC16A domain in Coll7 from bullous
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Immunological Reconstitution after Autologous
Hematopoietic Stem Cell Transplantation in Patients
with Systemic Sclerosis: Relationship Between Clinical
Benefits and Intensity of Immunosuppression

TOSHIYUKI BOHGAKI, TATSUYA ATSUMI, MIYUKI BOHGAKI, AKIRA FURUSAKI, MAKOTO KONDO,

KAZUKO C. SATO-MATSUMURA, RIICHIRO ABE, HIROSHI KATAOKA, TETSUYA HORITA, SHINSUKE YASUDA,
YOSHIHARU AMASAKI, MITSUFUMI NISHIO, KEN-ICHI SAWADA, HIROSHI SHIMIZU, and TAKAO KOIKE

ABSTRACT. Objective. To analyze the relationship between clinical benefits and immunological changes in

patients with systemic sclerosis (SSc) treated with autologous hematopoietic stem cell transplanta-
tion (HSCT).

Methods. Ten patients with SSc were treated with high-dose cyclophosphamide followed by highly
purified CD34+ cells (n = 5) or unpurified grafts (n = 5). Two groups of patients were retrospectively
constituted based on their clinical response (good responders, n = 7; and poor responders, n = 3). As
well as clinical findings, immunological reconstitution through autologous HSCT was assessed by
fluorescence-activated cell sorter analysis, quantification of signal joint T cell receptor rearrange-
ment excision circles (sjTREC), reflecting the thymic function, and foxp3, a key gene of regulatory
T cells, mRNA levels.

Results. Patients’ clinical and immunological findings were similar between good and poor respon-
ders, or CD34-purified and unpurified groups at inclusion. The sjTREC values were significantly
suppressed at 3 months after autologous HSCT in good responders compared with poor responders
(p = 0.0152). Reconstitution of CD4+CD45RO- naive T cells was delayed in good responders com-
pared with poor responders. The phenotype of other lymphocytes, cytokine production in T cells, and
foxp3 gene expression levels after autologous HSCT did not correlate with clinical response in good
or poor responders. Clinical and immunological findings after autologous HSCT were similar
between CD34-purified and unpurified groups.

Conclusion. Our results suggest that immunosuppression intensity, sufficient to induce transient sup-
pression of thymic function, is attributable to the feasible clinical response in patients with SSc treat-
ed with autologous HSCT. Appropriate monitoring of sjTREC values may predict clinical benefits
in transplanted SSc patients after autologous HSCT. (First Release May 15 2009; J Rheumatol
2009;36:1240-8; doi:10.3899/jrheum.081025)
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SYSTEMIC SCLEROSIS HEMATOPOIETIC STEM CELL TRANSPLANTATION
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Systemic sclerosis (SSc) is an autoimmune disease charac-
terized by the presence of skin sclerosis, organ fibrosis, and
autoantibodies!. Despite extensive research on autoim-
munology and endotheliology, its pathophysiology has been
far from conclusive®3. The skin and organ manifestations of
SSc are, in general, slowly progressive and chronically dis-
abling. In some patients, however, they can be rapidly pro-
gressive and fatal due to organ involvements such as inter-
stitial pneumonia, arrhythmia, and renal failure. Severe
organ involvement frequently occurs within the first 3 years
of disease!. These clinical features affect daily living activi-
ty and life expectancy in patients with SSc.

Autologous hematopoietic stem cell transplantation
(HSCT) has been indicated for patients with autoimmune
diseases, resulting in great success particularly in patients
with SSc*10, Autologous HSCT is one of the treatments in
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patients suffering from hematological malignant diseases.
For the practice of autologous HSCT against those malig-
nant diseases, graft manipulation using antibody specific for
CD34, a marker of human hematopoietic stem cells, is usu-
ally essential to deplete malignant cells from the graft. On
the other hand, patients treated with CD34+-selected autol-
ogous HSCT (CD34-HSCT) may have infectious complica-
tions during hematological recovery more frequently than
patients treated with unselected autologous HSCT (unse-
lected-HSCT)!!. The graft manipulation was performed in
many patients with severe autoimmune diseases treated by
autologous HSCT in consideration of depleting autoreactive
lymphocytes and inducing profound clinical remission.
Meanwhile, it has been debated whether CD34+ cell selec-
tion in the graft is necessary or not>!12,

The difference in conditioning regimens is not related to
the clinical benefits, and about one-third of transplanted
patients do not benefit from these intensive immunosup-
pressive treatment®!3, Clinical response may depend on
profound qualitative immunological changes obtained by
autologous HSCT in patients with systemic lupus erythe-
matosus or multiple sclerosis!#13. Little is known as to why
and how patients with SSc have clinical benefits of auto-
logous HSCT. The aim of our study was to elucidate the
relationship between clinical effect and alteration of
immunological profiles in patients with SSc treated with
autologous HSCT.

MATERIALS AND METHODS

Patients. Our study was approved by the ethical committee of Hokkaido
University and written informed consent was obtained from all participants.
Thirty-one patients with SSc, all of whom met the American College of
Rheumatology preliminary criterial®, were screened for our study. All
patients developing SSc within the last 3 years onset fulfilled at least 1 of
the following: early rapidly progressive diffuse skin sclerosis despite con-
tinuing treatment, refractory skin ulcers, interstitial lung disease confirmed
by lung computed tomography (CT), reversible cardiac involvement such
as arrhythmia and cardiomegaly, renal involvement with hypertension, per-
sistent urinalysis abnormalities, and microangiopathic hemolytic anemia.
Patients were excluded from the study when they were over 60 years old,
or had uncontrolled arrhythmia, left ventricular ejection fraction on
echocardiography below 45%, carbon dioxide diffusion lung capacity
(DLCO) below 45% predicted, serum creatinine above 176.8 umol/L (2.0
mg/dl) and glomerular filtration rate (GFR) below 40 mi/min/m?. All
enrolled patients were evaluated clinically at the time of diagnosis and on
regular visits for followup.

Thirty-five healthy controls were also enrolled in the study.

Transplantation procedure and followup. The mobilization regimen com-
prised recombinant human granulocyte colony-stimulating factor (thG-
CSF) and intravenous cyclophosphamide (4 g/m?). In 5 patients treated
with CD34-HSCT, enriched CD34+ graft, prepared using CliniMACS®
system (Miltenyi Biotec, Germany) was stored in liquid nitrate until use for
transplant. Graft manipulation was not performed in the next 5 patients
treated with unselected-HSCT.

We treated all SSc patients with intravenous cyclophosphamide (200
mg/kg, divided into 4 days) followed by autologous HSCT. rhG-CSF was
administered from the second day of transplantation of frozen-thawed
autologous enriched CD34+ grafts or frozen-thawed autologous unselected
grafts. T cell depleting antibodies such as antithymocyte globulin, antilym-

phocyte globulin and anti-CD52 antibodies (Campath) were not adminis-
tered in our patients.

We assessed the improvement of skin sclerosis by the modified Rodnan
total thickness skin score (mRTSS). Electrocardiogram and echocardio-
graphy were used to evaluate the cardiac function, chest radiograph, chest
high resolution CT, and spirometry to evaluate pulmonary function,
renogram to evaluate renal function, and serological tests to assess other
organ involvement and the presence of autoantibodies.

Lymphocyte phenotyping. Peripheral blood mononuclear cells (PBMC)
were prepared from heparinized venous blood by Ficoll-Paque Plus®
(Amersham Biosciences Corp., NJ, USA).

We assessed the subpopulation of peripheral lymphocytes by immuno-
fluorescence staining of PBMC with anti-human CD3-Cy-Chrome,
CD4-fluorescein isothiocyanate (FITC), CDS8-FITC, CD19-FITC,
TCRY$-FITC, CD3-phycoerythrin (PE), CD8-PE, CD45RO-PE, CD25-PE,
HLA-DR-PE, and CD69-PE (BD Biosciences Pharmingen, San Diego, CA).

The expression levels of interferon (IFN)-y and interleukin (IL)-4 were
studied in the cytoplasm of peripheral CD4+ or CD8+ T cells. Briefly, we
stimulated PBMC with phorbol myristate acetate (50 ng/ml) and ionomycin
(250 ng/ml) for 6 h in RPMI 1640 containing 10% heat-inactivated fetal
bovine serum and monensin (2 pM) at 37°C in 5% carbon dioxide. We eval-
uated the IFN-y or IL-4 expression on T cells by staining with
anti-CD3-Cy-Chrome, anti-CD8-FITC and -PE, anti-IFN-y-FITC, and
anti-IL-4-PE using Cytofix/Cytoperm Plus® (BD Biosciences Pharmingen)
according to the manufacturer’s instructions. Immunostained cells were
analyzed using a FACSCalibur™ flow cytometer (Becton Dickinson
Immunocytometry Systems, San Jose, CA).

Quantification of thymic signal joint T cell receptor rearrangement excision
circles (sjTREC). Thymic sjTREC on genomic DNA from PBMC was
quantified by real-time quantitative polymerase chain reaction (PCR) (ABI
PRISM® 7000; Applied Biosystems, Foster City, CA) according to the
method of Douek, et al'?. The sjTREC values were corrected by the per-
centage of CD3+ cells in the sample and were then expressed as numbers
of sjTREC/ug of CD3+ cells DNA according to the method of Farge, et
al'8, Values were measured before autologous HSCT, then at 3, 6, and 12
months after autologous HSCT.

Quantification of foxp3 gene expression levels. Total RNA were isolated
from PBMC using TRIzol® reagent (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions. Total RNA (1 pg) was reverse tran-
scribed by ReverTraAce (Toyobo, Osaka, Japan), in the presence of
oligo(dT)12-18 primers (Invitrogen) according to the manufacturer’s
instructions. We performed real-time PCR using the ABI PRISM® 7000
Sequence Detection System and specific primers for foxp3 and gapdh from
TagMan® Gene Expression Assays (Applied Biosystems).

Statistical analysis. We used the Mann-Whitney U-test to analyze the dif-
ference among each value otherwise indicated. The changes in mRTSS and
phenotype of lymphocytes after the autologous HSCT were compared with
values at inclusion using the Wilcoxon signed rank test. Female-male ratio
in each group was assessed using Fisher’s exact probability test. The
sjTREC values in healthy individuals were assessed using the Spearman’s
correlation test. Calculations were performed using the statistical software
package JMP version 5.0 (SAS Institute Inc., Cary, NC). P values less than
0.05 were considered significant.

RESULTS

Between November 2000 and July 2006, 11 consecutive
patients meeting the criteria in our study were enrolled and
10 patients were transplanted out of 31 screened patients
with SSc for autologous HSCT treatment. One patient was
not transplanted because of her mobilization failure. First 5
patients were treated with CD34-HSCT. Subsequent 5
patients were treated with unselected-HSCT. The character-
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istics of patients treated with autologous HSCT are shown in
Table 1. Mean age at inclusion, mean mRTSS before mobi-
lization and mean durations from SSc onset to the treatment
were similar between patients treated with CD34-HSCT and
unselected-HSCT. Several treatments such as D-penicil-
lamine, prostaglandin derivatives, and corticosteroids were
not feasible for our patients. All patients were followed up
until July 2007 (40.7 £ 25.6 mos).

Mean number of infused CD34+ cells was not different
between CD34-HSCT and unselected-HSCT groups. Mean
time needed to achieve a neutrophil count greater than 0.5 x
10%/1 and a platelet count greater than 50 x 10°/1 were not
different between 2 groups. Cytomegalovirus antigenemia
were shown in 3 patients out of all transplanted patients.
Patient 2 had hemophagocytic syndrome on day 6. Patient 3
had adenoviral hemorrhagic cystitis on day 14 and engraft-
ment syndrome on day 15. Patient 7 had engraftment syn-
drome on day 12. Hemophagocytic syndrome and engraft-
ment syndrome responded to corticosteroid administration.
Hemorrhagic cystitis was refractory to acyclovir, vidara-
bine, ganciclovir, or ribavirin. Patient 3 had the second
autologous HSCT using unselected grafts at 3 months after
first autologous HSCT using selected CD34+ cells due to
recurrent infectious diseases.

Four out of 5 transplanted patients have more than a 25%
fall in the skin score compared with baseline values in both

groups (Figure 1). Dermal thickness assessed by skin biop-
sy was also improved in these patients with clinical benefits
(data not shown). Additional unselected-HSCT at 3 months
after CD34-HSCT did not affect Patient 3’s skin manifesta-
tion. Cardiac and pulmonary functions were not altered sig-
nificantly through the treatment in all patients (data not
shown). Their serum level of y-globulin almost remained
normal range through autologous HSCT (data not shown).
Their serum level of anti-Scl70 antibodies reduced except
Patient 2 treated with CD34-HSCT (data not shown).
Transplantation related complications during hospitalization
are shown in Table 1. There was no significant difference in
the incidence of adverse events between both groups and no
transplantation related mortality.

We compared immunological reconstitution profile over
time between good and poor response groups, and between
CD34-HSCT and unselected-HSCT groups. First, we ana-
lyzed immunological reconstitution between good and poor
response groups. Clinical response to therapy was catego-
rized into major, partial, or no response, or disease progres-
sion or relapse according to the method of Farge, et al'3.
According to the observed clinical response compared to
these criteria, 2 groups of patients were retrospectively con-
stituted: good response group, consisting of 7 patients with
sustained major or partial response, and poor response
group, consisting of 3 patients (Patient 5, 6, and 7) with no

Table 1. Patients’ profile at study inclusion and clinical findings at autologous hematopoietic stem cell transplantation (HSCT).

Patients Treated with CD34-HSCT Patients treated with Unselected-HSCT Mean + SD
1 2 3 4 5 6 7 8 9 10 CD34 Untreated P
Age, yrs 57 19 54 48 52 43 19 42 30 28 46.0+154 3242101 0.094
Sex, female:male M F F F M M F F F F 3:2 4:1 1.000
mRTSS, 0-51 38 28 25 15 32 32 17 26 23 20 276+86 236x58 0402
Disease duration, mo 21 31 21 12 36 16 24 18 8 12 242+94 156=+6.1 0.141
Interstitial pneumonia ~ — — + — + — + — — e — — —
GFR, ml/min 76.53 12143 10143 11439 99.32 13929 1203 101.8 82.62 103.42 102.6 +£17.2 109.5 = 21.3 0.465
DLCO % 83 66.8 522 909 83.8 92.5 54.7 1134 48 94.4 75.3+15.7 80.6+28.0 0465
y-globulin, % 19.5 24.7 24.1 16.8 12.5 20.5 19.8 —_ 16.8 16.7 19.5+51 185+20 0712
Anti-Scl 70, index <5 923 2046 8.7 1586 16.1 128.2 <5 <5 202 928 +90.2 693 +£91.5 0.597
Prior therapies PG PG,D, PG, PG,PSL D,PSL. PG PG D,PSL D,PSL PG —_ —_— —
PSL PSL
Mobilization G G+ G+ G+ G+ G+ G+ G+ G+ G+ — —— —
CYC CYC CYC CYC <CYc cCyc CYC CYC CYC
Conditioning CYC CYC CYC CYC CYC CYC CYcC CYC CYC CYC — — —
Infused CD34+ cells, 2.96 5.21 275 314 12.7 395 2.77 428 14.9 2.81 54+42 57+52 0917
x 109/kg
Purity, % 96 95 90 93.53  96.59 — — - — — 94226 — —
Neutrophils > 0.5 11 9 il 9 9 8 11 10 10 10 9.8 +1.1 98+1.1 0914
x 10%1 (day)
Platelets > 50 x 101 15 21 16 8 11 0 8 11 11 12 142+50 84x49 0.138
(day)
Transplant related CMV CMV, CMYV, — — — ES —_ — —_ — — J—
complications HPS HC,ES

mRTSS: modified Rodnan total thickness skin score; PG: prostaglandin derivatives; D: d-penicillamine; PSL.: prednisolone; G: granulocyte-colony-stimulat-
ing factor; CYC: cyclophosphamide; CMV: cytomegalovirus antigenemia; HPS: hemophagocytic syndrome; HC: hemorrhagic cystitis; ES: engraftment syn-
drome; GFR: glomerular filtration rate; DLCO: diffusion capacity for carbon monoxide.
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Figure 1. Evaluation of modified Rodnan total thickness skin score (mRTSS) in patients with systemic sclerosis. A. Changes of mRTSS in patients treated
with CD34-HSCT. B. Changes of mRTSS in patients treated with unselected-HSCT. Proportional change from baseline measurement was calculated for each

patient at each available timepoint. * p < 0.05.

response or with relapse of disease (Table 2). Our patients
were evaluated by functional evaluation (performance status
and/or health assessment questionnaire) and mRTSS with
skin improvement assessed by skin biopsy. Each organ
function was not altered significantly through the treatment
in all patients. Mean age at inclusion, mean mRTSS before
mobilization, and mean durations from onset scleroderma
to treatment were similar between both groups. At inclu-
sion, the ratio of CD4/CDS8, the percentage of
CD4+CD45R0O+, CD4+CD45RO-, CD19+, CD4+CD25+,
CD56+, CD3+TCRYd+, IFN-y- and IL-4-producing CD4+
and CD8+ cells were in the normal range for all patients and
were not different between good and poor response groups
(Table 3). After autologous HSCT, shortened CD4/CD8
ratio was sustained due to delayed CD4+ cell recovery
and prompt CD8+ cell recovery in both groups.
CD4+CD45R0O-naive T cells remained low at 6 months after
autologous HSCT in good response group, and
CD4+CD45RO- cells reconstituted faster in poor response
group (p < 0.05). CD19+ and CD56+ cells returned into the
normal range at 3 months in both groups. The kinetics of
other cells through autologous HSCT was not statistically
different between good and poor response group in the

study. To evaluate the T cell response against mitogen stim-
ulation after autologous HSCT, mean fluorescence intensity
of CD69 on CD3+ cells was investigated. CD69 expression
levels on CD3+CD8+ and CD3+CD8- cells against mitogen
were not different between healthy controls and patients with
SSc before autologous HSCT, and its kinetics through auto-
logous HSCT were similar in both groups (Table 3).
Cytokine production in CD3+CDS8- and CD3+CD8+ T cells
was assessed by intracellular staining of IFN-y and IL-4.
Levels of cytokine production in CD3+CDS8- and
CD3+CD8+ cells were not different between both groups.
IFN-y producing CD8+ T cells increased after autologous
HSCT in both groups (Table 3).

Thymic output assessed by sjTREC was analyzed to eval-
vate the mechanism of peripheral CD4+CD45RO- and
CD4+CD25+ proliferation. In healthy controls, the sfTREC
values negatively correlated with their age (Figure 2A, p <
0.0001, r* = 0.44). Nine out of 10 transplanted patients
could be analyzed in the study. Their sjTREC values also
negatively correlated with their age at inclusion of auto-
logous HSCT (Figure 2B, p = 0.002, 2 = 0.80). The sjyTREC
values were not significantly different between patients with
SSc before autologous HSCT and age- and sex-matched

Table 2. Patients’ profile between good and poor response groups at autologous HSCT.

Good Response Poor Response P
Group (n=7) Group (n =3)
Graft condition (CD34-HSCT: unselected) 1:2 1.000
Age, yrs 39.7+ 14.4 38.0 +17.1 0.819
Sex female: male 1:2 1.000
mRTSS (0-51) 25.0x7.16 27.0 = 8.66 0.568
Disease duration, mo 17.6 7,72 253 +£10.1 0.207
Infused CD34+ cells (x 10/kg) 5.15+4.39 647 +£5.42 0.909
Neutrophils > 0.5 x 10%1 (day) 10.0 = 0.82 9.33 + 1.53 0.407
Platelets > 50 x 10971 (day) 13.4 +4.28 6.33 + 5.69 0.064

mRTSS: modified Rodnan total thickness skin score.
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Table 3. Phenotype analysis of lymphocyte population through autologous HSCT between patients with good and poor clinical response. Value are mean *

SD.
At Inclusion 3 mo After HSCT 6 mo After HSCT 12 mo After HSCT
Normal Range Good Poor Good Poor Good Poor Good Poor

95% C1
CD3+, CD4+ 5757-68.89 48.16+ 1877 5234x656 20.84£975% 3442+7.66 23.18+15.00% 4523+1074 27.65+15.61%* 43.07+9.72
CD3+, CD8+ 2647-37.68 2591932  3392x13.66 48.07+2157 4964+ 1144 3578+1544 49.69+13.09 449721394 4756+1043
CD4/CD8 0.61-2.96 211131 1.74+£072  043+0.13* 071015 0.66 + 0.35* 1.01 £ 0.56 0.61+0.28 096 + 0.39

(ratio)
CD3+, TCRyd+ 0.74-9.48 3.03£3.05 203119 5.11x449 234:084 275+ 148 3.02x1.86 4.18+2.72 271180
CD4+, CD45RO- 5.23-42.08 28511029 31.36+840 343x+249* 7.89x521 4,66 +2.93* 10.01 + 846 7.12+5.18 12.55 +10.78
CD4+, CD45RO+ 9.00-2797 17.08+553  1535:3.87 1548623 1934587 13.68 £7.31 1642 +4.85 1432 +4.08 13.89 £4.10
CD4+, HLA-DR+ 0.92-3.38 238 +0.86 395+2.10 851499 12584323 5.77+458 712050 536x4.16 520 +246
CD4+, CD25+ 1.35-5.46 4.12+3.36 5454279 3422221  6.12x551 3431267 754 +£3.36 355228 4.62+3.92
foxp3 mRNA 32.01-393.07 563.39 + 704.09 259.60 +247.27 18274 £ 15035 99.3129.61 201.77 +114.85 21228 +121.62 214.00+109.77 16629+ 133

(copies'GAPDH 1 k copies)

CD3+, CD8-, IFNy+ 0.67+1749 605655 273+£0.60 1216+1007 7.06=520 821£5.36 1147+ 8.02 929+4.17 423 23.66
CD3+, CD8-, ILA+ 0.02-2.47 1.09 +0.55 139+130  374x263 250+1.04 240+2.13 496 + 627 157124 120+ 0.58
Th1/Th2 379-12560 17.38+21.04 498377 3247£5240 1077515429 32094555 67.05+59.15 24822342  23.75+£36.56

(ratio)
CD3+, CD8+, IFNy+ 0.66-41.60  5.73x6.15 525+3.11 29.83+21.39% 19801129 1743+1355 259341392  27.71£19.13 3291495
CD3+, CD8+, IL4+ 0.00-1.40 0.19+0.17 025038 086+079 054x038 1.01+1.24 0.68 + 0.68 0.72 £ 0.45 0.16 £0.15
Tel/Tc2 7.83-185.08 89.68+98.17 56.15x7129 15435+21762 1492.65+2280.82 8836+78.79 1460.06 + 126252 8027+76.12 41917192

(ratio)
CD3+, CD8-, CD69+  82.91-201.89 177.55+90.61 121.10+8495 5825:41.65 2834x1287 63.06+37.00 67.76:4069  8954+4285 3852+33.83

(MF)

CD3+, CD8+, CD69+  54.27-119.07 106823527 96.05+64.04 30922039 2494+1297 31.00x1998 53.89+3039  61.82+1969 30831929

(MFT)
CD19+ 5.00-32.98 16.16+£754  12.69+940 21912258 1440+£764  27.01+22.93 950573 18601083  11.13+399
CD36+ 8.94-2294 13171167 11.83+7.68 1411697 993£449 8.99 £2.96 19.83 + 11.87 12.05+7.58 14.12 £ 7.61

* The value from the baseline measurement was calculated for each value at each timepoint. p < 0.05. MFI: mean fluorescence intensity.

healthy controls (p = 0.8253). The sjTREC values were sig-
nificantly suppressed at 3 months after autologous HSCT in
the good response group compared with poor responders
(Figure 2C, p = 0.0152), although the values were not dif-
ferent at inclusion, 6 and 12 months after autologous HSCT
between both groups.

Foxp3 is a key regulatory gene for the development of
regulatory T cells!®. Foxp3 gene expressions in PBMC were
analyzed to assess the relationship between the recovery of
CD4+CD25+ cells including regulatory T cells and clinical
benefits in transplanted SSc patients. Foxp3 gene expressions
in PBMC were within the normal range through autologous
HSCT and were not different in the 2 groups (Table 3).

Next, immunological reconstitution was analyzed
between CD34-HSCT and unselected-HSCT groups to
assess how graft manipulation affected immune system and
clinical response. At inclusion, the ratio of CD4/CD8, the
percentage of CD4+CD45RO-, CD4+CD45R0O+, CD19+,
CD4+CD25+, CD56+, CD3+TCRYd+, IFN-y, and IL-4 pro-
ducing CD4+ and CD8+ cells were in the normal range for
all patients and did not differ between CD34-HSCT and
unselected-HSCT. After autologous HSCT, CD4/CD8 ratio
remained low in both groups. In CD4+ subsets,
CD4+CD45R0O-, CD4+HLA-DR+, and CD4+CD25+ cells

increased rapidly in unselected-HSCT compared with
CD34-HSCT at 12 months (p < 0.05, Table 4). CD19+ and
CD56+ cells returned into the normal range at 3 months in
both groups. CD69 expression levels on CD3+CD8+ and
CD3+CD8- cells against mitogen were not different
between healthy controls and patients with SSc before auto-
logous HSCT, and its kinetics through autologous HSCT
were similar in both groups (Table 4). Levels of cytokine
production in CD3+CD8- and CD3+CD8+ cells were not
different between both groups. IFN-y-producing
CD3+CD8+ T cells increased after autologous HSCT in
both groups (Table 4).

Cytokine production in CD8- and CD8+ T cells was
assessed by intracellular IFN-y and IL-4. Cytokine produc-
tion in CD8- cells was not different between both groups.
IFN-y- and IL-4-producing CD8+ T cells increased after
autologous HSCT in both groups (Table 4).

The sjTREC values recovered to the levels at inclusion
between 6 to 12 months after CD34-HSCT or unse-
lected-HSCT. There was no statistical significance through
their clinical course in both groups (Figure 2D).

Foxp3 gene expressions in PBMC were within the normal
range through autologous HSCT and not different in the 2
groups (Table 4).
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Figure 2. sjyTREC values in CD3+ cells in healthy individuals and its kinetics through autologous HSCT. A. Relation between age and numbers of sjTRECs
in healthy controls. B. Relation between age and numbers of sjTREC in SSc patients treated with autologous HSCT. C. sjTREC between good and poor
response groups. D. sjTREC between patients treated with CD34-HSCT and unselected-HSCT. Logarithmic scales were used for y-axes to compress the fig-

ure. * p = 0.0152. **copies/ug in CD3+ cells DNA.

DISCUSSION
We described the efficacy and the safety in patients with SSc
treated with autologous HSCT. More than a 25% decrease in
the skin score, which correlates with patient’s survival?0,
was achieved in 8 out of 10 transplanted SSc patients. Skin
improvement was not significantly different between
CD34-HSCT and unselected-HSCT groups. In addition,
additional unselected-HSCT did not lead to recurrence or
adverse effect on skin manifestation in Patient 3. These
results suggest that graft condition did not affect the clinical
outcome on skin involvement up to 12 months after auto-
logous HSCT in our series.

Few data on thymic function and lymphocyte phenotypes

after autologous HSCT have been reported in transplanted
SSc patients!3:1821, The TREC values might be related to
clinical response in our transplanted patients. In the last
decade, basic and clinical scientists have focused a role of
sjTREC as a marker of human thymic function?2. Values of
sjTREC can also reflect the pathophysiology in patients
with autoimmune diseases. The sjTREC values may be
affected by disease activity in patients with systemic lupus
erythematosus?3. Age-inappropriate T cell senescence con-
firmed by decreased frequency of sjTREC may also con-
tribute to the development of juvenile idiopathic arthritis?4,
There was no evidence to prove an age-inappropriate T cell
senescence and a correlation between the sjTREC values
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Table 4. Phenotype analysis of lymphocyte population through autologous HSCT between patients with CD34-HSCT and unselected-HSCT. Values are mean

+ SD.
At Inclusion 3 mo After HSCT 6 mo After HSCT 12 mo After HSCT
Normal Range CD34-HSCT un-HSCT CD34-HSCT  un-HSCT CD34-HSCT  un-HSCT CD34-HSCT  un-HSCT
95% CI
CD3+, CD4+ 57.57-68.89 3784 £1145 6099 +9.66 17.85+9.95 3198 £6.69* 20301473 4331975 2413+ 1436*  43.62+846
CD3+, CD8+ 26.47-37.68 22204645 344221106  36.07x18.09 61.02+£696  33.69+15.89 4883 £11.58 42.02+14.06  50.60+9.08
CD4/CD8 0.61-2.96 1.87 +0.87 213+ 145 0.49 +0.22* 0.54 +0.18* 0.62 +0.36* 0.97 £0.48 0.58 +0.28* 091035
(ratio)
CD3+, TCRyd+ 0.74-9.48 3.66+3.44 1.80+ 1.09 431£5.13 424 +£290 254162 3.21+148 403278 285+1.52
CD4+, CD45RO- 5.23-42.08 2910734 29.63+1201 458 +5.44% 495+ 191* 4.94 +3.36* 833+£7.59 429 +£2.23* 1473 £7.39
CD4+, CD45RO+ 9.00-27.97 1556+4.16  17.57+5.93 13.79£6.90 19.48+3.92 1420+ 7.61 15.09 £ 5.65 13.02+3.83 16.32 291
CD4+, HLA-DR+ 0.92-3.38 290136 280+ 1.66 761572 1185272 436+2.32 8.54 £4.03 292056 829334
CD4+, CD25+ 1.35-5.46 270+ 1.67 6.33+3.28 230+ 1.10 594 +£4.07 3.33+£320 6.64 £2.98 202+095 627224
foxp3 mRNA 32.01-393.07  524.44 + 880.90 420.07 +199.61 110.72+ 10054 204.72+149.57 12922+ 101.19 280.62+51.70 123346037 291.54+ 8738
(copies’'GAPDH 1k copies)
CD3+, CD8~, IFNy+  0.67-1749 6.65+8.28 358 +1.62 1359 £ 10.75 795+699 9.60+4.19 9.27+8.38 5.64 327 17.44 £ 1045
CD3+, CD8-, ILA+ 0.02-2.47 0.85+0.59 1.46 +0.89 451+241 238+ 175 298 + 195 3.74 £5.68 197090 0.61£0.31
Thi/Th2 3.79-125.60 2041 £2640  7.5124.67 13881528  9622+120.52 3149 +3745 68907509 13.81+2354  37.78+25.33
(ratio)
CD3+, CD8+, IENy+  (.66-41.60 8314699 3384147 27352264 25.80£17.33  30.2910.03 10942831 2477+2594 1234+ 1007
CD3+, CD8+, IL4+ 0.00-1.40 023+021 0.20+0.28 1.11+£0.83 0.46 + 0.40 126127 0.51 £0.65 0.81 047 0224017
Tel/Te2 7.83-185.08 4951 +6239 101.70+103.52 127.14+ 12021 984.54 +£1771.58 55091 £974.27 654.58 £1136.02 60.02+89.13  76.82+57.32
(ratio)
CD3+, CD8-, CD69+ 8291-201.89 1724512220 147756266 59.53+£53.14  3928+1877  6895+37.16 57963923 84124734  47.57£39.01
(MFT)
CD3+, CD8+, CD69+ 54.27-119.07 8270 £4577 119663651 18.72+552 37092028  3335+2506  49.98x2642 50.73%14.13 49304058
(MF))
CD19+ 5.00-32.98 1820843  12.04+642  21.84+2833 1747+3.07 24.44 +24.80 1405+4.86  18.12+1094 13.93+5.86
CDs6+ 8.94-2294 1342+1369 1212682 1267+ 643 13.05£7.12 1379+ 11.12 1L1124.10 14.65 £ 7.56 9.74+5.19

* The value from the baseline measurement was calculated for each value at each timepoint. p < 0.05. MFI: mean fluorescence intensity.

and disease condition in our patients with SSc. Thymic
function assessed by sjTREC values is significantly sup-
pressed at engraftment, recovers within 3 months after
autologous HSCT, and is age-dependent in adults!”?3. In
our series, the lower level of sjTREC at 3 months after auto-
logous HSCT was shown in the good response group with-
out dependence on their age and graft condition. Longterm
defects of CD3+CD4+ cells, especially CD4+CD-
45RO-naive T cells, after autologous HSCT might also
reflect profound suppression of thymopoiesis in the good
response group. Thymus-dependent immunological recon-
stitution leads to the T cell precursor reeducation and renew-
al of the T cell repertoire, and may induce remission of
autoimmunity2627, Qur results suggest that transient, pro-
found suppression of thymic function might alter immune
condition, leading to clinical response in patients with SSc.

Peripheral immunological reconstitution after autologous
CD34-HSCT or unselected-HSCT has been well document-
ed in patients with hematological disorders?®-30. While
CD56+ cells, followed by CD19+ cells, recover promptly
after autologous HSCT, CD3+ cells, especially CD4+CD-
45RO- cells, remain low after autologous HSCT in
CD34-HSCT and unselected-HSCT?%30, After the initial 2
months of autologous HSCT, IFN-y-producing CD8+ or

CD8- T cells remain normal or increased! 30, In our series,
kinetics of lymphocytes recovery is similar to these previous
results. In patients with SSc, peripheral blood T cells show
a predominantly type 2 T-helper profile, and can induce
fibrosis through the production of cytokines, especially
IL-42, Cytokine production in T cells at inclusion was not
significantly different between our transplanted patients
with SSc and healthy controls. The kinetics of IFN-y- and
IL-4-producing T cells after autologous HSCT was not dif-
ferent between CD34-HSCT and unselected-HSCT, or good
and poor response groups. Therefore, the significance of
cytokine production in T cells after autologous HSCT was
not conclusive. In good response group with sustained major
or partial response, phenotype or function of peripheral lym-
phocytes was not significantly different from that of poor
response group through autologous HSCT. These results
suggest that changes in peripheral immunity were not corre-
lated with clinical response.

CD4+CD25+FOXP3+ regulatory T cells may play a role
in the immunological reconstitution leading to the improve-
ment of autoimmune disease or prevention of graft-ver-
sus-host disease after autologous or allogeneic HSCT31:32,
Although CD4+CD25+ population increased at 12 months
after autologous HSCT in unselected-HSCT compared with
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that in CD34-HSCT, it is noted that there was no difference
between good and poor response groups, and foxp3 gene
expression levels did not correlate with the clinical response
or with graft condition. CD4+CD25+ populations include
non-regulatory activated T cells as well as regulatory T
cells32, Increased CD4+CD25+ population might reflect the
activation of CD4+ T cells because CD4+HLA-DR+ popu-
lation also increased at 12 months in unselected-HSCT
group. Therefore, the role of CD4+CD25+ regulatory T cells
on clinical response was not evident in our study.

Although the importance of graft manipulation in auto-
logous HSCT for autoimmune diseases has been debated,
clinical outcome may not necessarily correlate with the
autoreactive clone survival after CD34-HSCT?33. In patients
with rheumatoid arthritis, a pilot study showed that clinical
response and laboratory findings were also similar between
CD34-HSCT and unselected-HSCT!2. In addition, auto-
immunity after autologous HSCT may result from the type
of conditioning regimen rather than graft condition (i.e.,
CD34-HSCT or unselected-HSCT)?*. Although peripheral
immunity after autologous HSCT does not have a decisive
impact on disease control in our transplanted SSc patients,
further study will reveal the role of peripheral immunity
after autologous HSCT. Our results suggest the relationship
between clinical benefits and immunosuppression intensity
sufficient to suppress thymic output by the treatment.

The results of our study suggest that immunosuppression
sufficient to downregulate thymic function, rather than the
graft manipulation, can lead to clinical benefits in patients
with SSc. Additionally, appropriately monitoring the
sjTREC values after autologous HSCT may serve to identify
patients who would not achieve clinical remission by auto-
logous HSCT and additional treatment in a more timely
way.
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Type XVII Collagen is a Key Player in Tooth Enamel

Formation
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Dental Medicine, Sapporo, Japan

Inherited tooth enamel hypoplasia occurs due to mu-
tations in genes that encode major enamel compo-
nents. Enamel hypoplasia also has been reported in
junctional epidermolysis bullosa, caused by muta-
tions in the genes that encode type XVII collagen
(COL17), a component of the epithelial-mesenchymal
junction. To elucidate the pathological mechanisms
of the enamel hypoplasia that arise from the defi-
ciency of epithelial-mesenchymal junction mole-
cules, such as COL17, we investigated tooth formation
in our recently established Col17~/~ and Coll7 res-
cued mice. Compared with wild-type mice, the inci-
sors of the Col17~/~ mice exhibited reduced yellow
pigmentation, diminished iron deposition, delayed
calcification, and markedly irregular enamel prisms,
indicating the presence of enamel hypoplasia. The
molars of the Col17™/~ mice demonstrated advanced
occlusal wear. These abnormalities were corrected in
the Col17 rescued humanized mice. Thus, the
Col17~/~ mice clearly reproduced the enamel hyp-
oplasia in human patients with junctional epidermol-
ysis bullosa. We were able to investigate tooth forma-
tion in the Coll7™/~ mice because the Coll7~/~
genotype is not lethal. Col17™/~ mouse incisors had
poorly differentiated ameloblasts that lacked enamel
protein-secreting Tomes’ processes and reduced mRNA
expression of amelogenin, ameloblastin, and of other
enamel genes. These findings indicated that COL17 reg-
ulates ameloblast differentiation and is essential for
normal formation of Tomes’ processes. In conclusion,
COL17 deficiency disrupts the epithelial-mesenchymal
interactions, leading to both defective ameloblast differ-
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entiation and enamel malformation. (4mi J Pathol 2009,
174:91-100; DOI: 10.2353/ajpath.2009.080573)

Mesenchymal-epithelial interactions are thought to play
essential roles in development of epithelial organs includ-
ing the epidermis, hair follicles, and teeth. A variety of
soluble factors, cell surface markers, and signal mole-
cules have been reported to be involved in mesenchy-
mal-gpithelial interactions.™? The hemidesmosome is a
subcellular junctional adhesion structure overlying the
basement membrane between the mesenchyme and ep-
ithelial cells that binds the epithelial cells to the underly-
ing mesenchymal tissue.® Type XVIi collagen (COL17)
previously called “bullous pemphigoid antigen 2" or
“BP180,” is a fransmembrane glycoprotein expressed in
stratified and complex epithelia, such as the skin, the
mucous membrane, and the eye, where it plays a crucial
role in hemidesmosome stability and epithelial-mesen-
chymal attachment.*

Non-Herlitz junctional epidermolysis bullosa (nH-JEB)
caused by COL17 deficiency shows the abnormal tooth
formation of amelogenesis imperfecta.®~” We therefore
hypothesized that COL17 in hemidesmosomes also plays
an important role in mesenchymal-epithelial interactions
in tooth formation. ‘

Enamel formation is easily disrupted and ename! de-
fects may reflect more than just genetic abnormalities.
Enamel defects can also be attributed to environmental
factors that cause chronological hypoplasia of the
enamel during the enamel formation period.” It is impor-
tant to study the pathomechanisms of enamel malforma-
tion in mice with defects in hemidesmosome components.
There are several model mice with epithelial mesenchymal
junction (EMJ) component deficiencies.>® Among them,
only laminin332-deficient mice are expected to have tooth
malformation. However, the laminin332 knockout mice are

Supported in part by Grant-in-Aid from the Ministry of Education, Science,
Sports and Culture of Japan to M. Akiyama (Kiban 20390304).

Accepted for publication September 30, 2008.

Address reprint requests to Masashi Akiyama, M.D., Ph.D., Department
of Dermatology, Hokkaido University Graduate School of Medicine, North
15 West 7, Kita-ku, Sapporo 060-8638, Japan. E-mail: akiyama@med.
hokudai.ac.jp.

o1



92 Asakaetal
AJP January 2009, Vol. 174, No. 1

lethal in their early development and tooth abnormality in
adult mice has not been examined sufficiently.®

The Col17 knockout (Col177/~) mice that we established
recently are not lethal at birth; thus, we can use them to
investigate the pathomechanisms of enamel defects that
arise from hemidesmosome component deficiency.

To clarify the roles of COL17 in tooth formation, we
studied the detailed process of tooth formation in Col17
knockout (Col777/~) mice, which we recently estab-
lished.® We show that COL17 has a critical role in tooth
formation, especially in the differentiation of ameloblasts
and enamelization, suggesting the importance of junction
structure in mesenchymal-epithelial interaction during
tooth formation.

Materials and Methods

Generation of Col17~/~ Mice and Rescued
COL17-Humanized Mice

The procedure for generating COL17~/~ mice has been
described.® Briefly, we cloned a 14.7-kb mouse genomic
DNA COL17 fragment from the mouse 129Sv/Ev genomic
library (Stratagene, La Jolla, CA). We subcloned a
11.5-kb Nhel to Notl fragment to make the targeting vec-
tor. We inserted the PGK/Neo cassette between 6-bp
upstream of the ATG start codon in exon 2 and 1.2-kb
downstream in intron 2. We transfected the targeting
vector by electroporation into 129 Sv/Ev embryonic stem
cells, then microinjected the correctly targeted embry-
onic stem cell line into blastocysts obtained from
C57BL/6J mice (Jackson Laboratory, Bar Harbor, Maine)
to generate chimeric mice, which we then mated with
C57BL/6J females. We crossed F1 heterozygotes with
C57BL/6J for more than four generations and then inter-
crossed them to generate Col777/~ mice. The proce-
dures for screening Col17~/~ mice by PCR, reverse tran-
scription (RT)-PCR, Northern and Western biotting,
histology, electron microscopy, and immunoflucrescence
are described elsewhere.®

The phenotypic features of the Col17 knockout
(Col177/7) mice closely resembled those seen in nH-JEB
(OMIM: 226650) caused by null mutations in the
COL17A1 gene, as previously described.® The Col177/~
mice had skin blisters and erosions from mild trauma.
Col17~'~ mice skin showed subepidermal blistering as-
sociated with a lack of COL17 and poorly formed
hemidesmosomes.

Procedures for generating COL.17-rescued mice have
been described elsewhere.® Briefly, we crossed trans-
genic mice (C57BL/6 background) expressing the squa-
mous epithelium-specific K14 promoter and a human
COL17 ¢DNA (Col17™** COL17"*) with heterozygous
Col17™*~ mice. Mice that carried both the heterozygous
null mutation of Col17 and the transgene of human Col17
(Col17™¥/~ COL17"") were bred to produce rescued
Col17™~/~, COL17"* COL17-humanized mice.

The rescued mice showed almost none of the abnor-
mal manifestations seen in the Col777/~ mice.®
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Structural Analysis of Mouse Dentition

Tissue samples of mice were incubated in hot (approxi-
mately 90°C) distilled water for several minutes, and
soaked in 10% Tasinase (Kyowa-hakkou, Tokyo, Japan)
at 37°C for 6 hours. Incisors and first molars were taken
from maxillomandibular tissue by removal of soft tissue.
The teeth were carefully cleaned and were observed
macroscopically. After air-drying overnight, the teeth
were sputter-coated with carbon CC-40F (Meiwa-shouiji,
Osaka, Japan), and were observed with a Hitachi S-4000
scanning electron microscope (Hitachi Electronics, Tokyo,
Japan) operated at 15 kV. For the observation of enamel
rod inclination, sagittal sections of maxillary incisors were
etched by a grinder for 30 seconds in 0.1N hydrochloric
acid and were observed similarly.

Chemical and Mineralization Analyses

Qualitative and distributive elemental analysis was per-
formed in sagittal sections of maxillary incisors prepared
with a grinder and in the labial side of maxillary incisors with
a Hitachi S-2380 scanning electron microscope (Hitachi,
Tokyo, Japan) operated at 15kV and energy dispersive
X-ray spectrometry (EDX).

To demonstrate the patterns of mineralization, radio
transparencies of the contact microradiographs were ex-
amined as previously described.'® Maxillary incisors
were dehydrated by passage through a series of as-
cending concentrations of ethanol solutions and em-
bedded in polyester resin (Rigolic, Ouken Co., Tokyo,
Japan). Longitudinal labio-lingual ground sections of
100-um thickness were prepared with a rotary diamond
saw (Speadrap ML521; Maruto, Tokyo, Japan) and em-
ery papers. Microradiographs of the ground sections
were recorded on Kodak SO-181 high-resolution film
(Eastman Kodak, Rochester, NY) using a cabinet X-ray
apparatus (CSM-2; Softex, Tokyo, Japan) at 15 kV, 4 mA
for 20 minutes. The films were developed, fixed, and
observed under a light microscope.

Preparation of Tissue Sections and
Immunohistochemistry

Under anesthesia with ether inhalation, intracardiac per-
fusions for 2-week-old mice were performed with a fixa-
tive solution containing 4% paraformaldehyde in PBS, pH
7.4. Postfixation was ensured by immersion of dissected
maxilla and mandible in the fixative solution overnight at
4°C,

The maxillae and mandibles with incisors were pro-
cessed for histological analysis by decalcification at 4°C
for up to 2 weeks in a pH 7.4 PBS solution containing 10%
EDTA. After extensive washing in PBS, the samples were
dehydrated in increasing concentrations of ethanol and
lemosol (Wako, Osaka, Japan), and were finally embed-
ded in paraffin. Serial longitudinal and frontal sections of
the incisors of the paraffin-embedded specimens (5 um)
were processed for H&E staining.
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Col 1 7%

Figure 1. COL17 expression in the tooth of Col77*/* mice and COL17 absence in the tooth of Col77~/~ mice. A, B: Mouse incisors are continuously elongating
teeth. In the root of these incisors, ameloblasts (blue) and odontoblasts (green) secrete enamel matrix and dentin, respectively, during the secretory stage (ID. I:
the pre-secretory stage; 1I: the secretory stage; 11l: the maturation stage. C: A RT-PCR assay revealed that Co/7 7 mRNA (488 bp band) was expressed in cultured
ameloblasts from Col17%/* mice (left lane) and Col77*/* mouse teeth (second right). Co/7 7mRNA was not expressed in cultured ameloblasts from Col77™7/~
mice (second left lane) or Col77~/~ mouse teeth (right hand lane). D: Immunofluorescence staining for COL17 (green) revealed that COL17 was expressed
in the EM] between ameloblasts and odontoblasts at the pre-secretory stage of a Col17%/* mouse (upper, left), between ameloblasts and enamel matrix in the
secretory stage (middle, left) and in the maturation stage (lower, left) of a Co/7 7*/* mouse. At the secretory stage, COL17 expression was weak, intermittent,
or absent. In Col177/~ mice, no COL17 staining was observed in the EM] at any stage (right column). am: ameloblast; od: odontblast. Scale bar = 20 pm. E:
Ultrastructural features of the basement membrane zone at the pre-secretory stage. Normal hemidesmosomes were seen in the Col/77%/* mouse (left), but
hypoplastic, malformed hemidesmosomes were observed in the Col77™/~ mice (right). am: ameloblast; LL: lamina lucida; IP: inner attachment plaques; LD
:lamina densa. Scale bar = 60 nm.

For immunohistochemistry, neonatal mice (day-1) were
sacrificed and the tissue samples were embedded in
optimal cutting temperature compound (Sakura Finetech-
nical Co., Tokyo, Japan) for frozen sectioning. Frozen
tissue sections were cut at a thickness of 6 um sagittally
until incisors were exposed, or coronally until molars were
exposed. Sections were fixed with acetone for 10 minutes
at —20°C, and washed in PBS, incubated with a primary
antibody, anti-mouse COL17 monoclonal antibody (NC-
16A, final dilution, 1:2500), at 37°C for 30 minutes. Then,
the sections were incubated with a secondary antibody,
fluorescein isothiocyanate (FITC)-conjugated goat anti-
rat IgG (H+L; Jackson ImmunoResearch Laboratories,
Suffolk, UK; final dilution, 1:50), at 37°C for 30 minutes,
and incubated with 10 ug/ml of propidium iodide at 37°C
for 10 minutes for nuclear counterstaining. Sections were
observed under an Olympus Fluoview confocal laser-
scanning microscope (Olympus, Tokyo, Japan).

Ultrastructural Analysis during Tooth Formation

As above, from the maxillomandibular tissue fixed with
modified Karnovsky's fixative (at a final concentration of
2% paraformaldehyde and 2.5% glutaraldehyde in 0.05
mol/L cacodylate buffer solution, pH 7.4), 2-week-old
mice incisors were obtained and decalcified in 10%
EDTA pH 7.4, at 4°C for 2 weeks. After decalcification,
samples were postfixed in 1% osmium tetroxide at 4°C for
2 hours and stained en bloc with 1% uranyl acetate at 4°C
for 20 minutes. The samples were dehydrated through a
graded series of ethanol and embedded in Epon 812
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(TAAB Laboratories, Berkshire, UK). Ultrathin sections
were cut in the sagittal direction to include both the
separated enamel organ and the dental papilla. Sections
were stained with uranyl acetate and lead citrate, and
observed under a Hitachi H-7000 transmission electron
microscope (Hitachi, Tokyo, Japan).

A Colt ¢ Col1 74 B Con 74 Colt 7+ Colt7z*

100t of teeth

Incisat edgs

c =% bl Colt 7+ Colt 74+

Figure 2. Dental phenotype of Col777/~ mice. A: At 4 weeks of age, a
Col177/~ mouse (right) had whitish incisors. B: Incisors from Col17%/*
and Col17*/~ mice showed yellowish color, although an incisor from a
Col177/~ mouse seemed whitish (right). Scale bar = 500 pm. C: In the
molars, tooth wear was more advanced for the Col/7 77/~ mice (right) than
for the Col17%/* (left) and Col17*/~ (center) mice. Scale bar = 250 pum.
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Figure 3. Scanning electron microscopy of the sagittal section of maxillary incisors. Az A model of an upper incisor. The enamel layer indicated by an upper blue
rectangle and by a lower red rectangle is enlarged in B, C, D and E, and in F, G, Hand I, respectively. In the Col7 77/~ mouse, irregular inclinations of enamel
rods without a normal network arrangement are observed (D, H), in contrast to the regular network of enamel rods observed in the Col7 7*/* incisor (B, F) and
in the Col17%/~ incisor (C, G). The normal, regular network of enamel rods has been restored in the COL17 humanized mouse (E, I). en: enamel; de: dentin.

Scale bar = 20 pm.

Terminal Deoxynucleotidyl Transferase-
Mediated dUTP Nick-End Labeling Staining

For the detection of apoptotic cells in the ameloblast layer
by terminal deoxynucleotidy! transferase-mediated dUTP
nick-end labeling (TUNEL) assay, paraffin sections were
processed with in situ apoptosis detection kits (Apoptag;
Chemicon International, Temecula, CA).'! The number of
apoptotic ameloblasts at each stage was calculated
based on the criterion that an apoptotic body of more
than 2 um in diameter could be defined as a count; these
numbers were compared between Cof77*" and
Col177/~.

Cell Cultures and Immunolabeling

For dental epithelia! cell cultures, maxillary and mandib-
ular incisors from 2-week-old mice were dissected, and
the distal part of the incisors was removed. Tooth sam-
ples were treated with 0.25% trypsin for 10 minutes and
pipetted up and down intensely. The dental epithelial
cells, dental mesenchymal cells, and various other
cells were isolated from incisors. To separate dental
epithelial cells from the other cells, cells were cultured
in epidermal keratinocyte medium containing a small
amount of bovine pituitary extract (CNT-57; CELLnTEC
Advanced Cell Systems, Bern, Switzerland) for 7 days.
After obtaining a sufficient number of dental progenitor
epithelial cells, we changed the culture medium to epider-
mal! keratinocyte medium containing 0.07 mmol/L calcium
(CNT-02; CELLNTEC Advanced Cell Systems, Bern,
Switzerland) to induce differentiation, and cultured it
for 10 days.

For fluorescence staining, the cells were fixed with
70% ethanol for 10 minutes and washed with PBS. The
cells were incubated with a primary antibody anti-mouse
amelogenin polyclonal antibody (Hokudo, Sapporo, Ja-
pan), final dilution of 1:100 or with anti-mouse ameloblas-
tin polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), final dilution, 1:50, at 37°C for 30 minutes.
Then, the cells were incubated with the secondary anti-
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body FITC-conjugated goat anti-rabbit IgG (H+L,; Jack-
son ImmunoResearch Laboratory, West Grove, PA), final
dilution, 1:50, or with FITC-conjugated donkey anti-goat
IgG (H+L; Jackson ImmunoResearch Laboratory, West
Grove, PA), final dilution, 1:50, at 37°C for 30 minutes and
incubated with 10 ug/ml of propidium iodide at 37°C for
10 minutes to visualize the nucleus. The cells were ob-
served under an Olympus FluoView confocal laser-scan-
ning microscope (Olympus, Tokyo, Japan).

RT-PCR Analysis

To study Col17 mRNA expression in dental epithelial cells
and ameloblasts, total RNA from incisors or cultured dental
epithelial cells was extracted using TRIZOL reagent (Invitro-
gen, Carlsbad, CA), according to the manufacturer’s in-
structions. Extracted RNA was used for cDNA synthesis in
SuperScript lll reverse transcriptase (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The fol-
lowing primers specific for mouse Col17 sequence (NM:
007732) were used for RT-PCR: 5-AGAAGAAAA GCATC-
CGAGGG-3' (RT-F); and 5-TGGTTGAAGAAGAGGC-
GAGT-3' (RT-B). As a control, we used the primers for
mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; NM: 001001303): 5'-TTAGCCCCCCTGGC-
CAAGG-3' (MGAPDH-F) and 5'-CTTACTCCTTGGAG-
GCCATG-3' (mGAPDH-B), which amplified a 541-bp
fragment.

Real-Time RT-PCR Analysis

To quantitatively analyze mRNA expression levels of
tooth-formation-associated proteins, amelogenin, amelo-
blastin, enamelin, tuftelin, enamelysin, and dentin sialo-
phosphoprotein (DSPP), in teeth from the Col17+/* and
Col17 /= mice, cDNA samples were analyzed using the
ABI prism 7000 sequence detection system (Applied Bio-
systems, Foster City, CA). Primers and probes specific for
amelogenin, amelobiastin, enamelin, tuftelin, enamelysin,
DSPP, and control housekeeping genes, GAPDH and B-ac-
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Figure 4. Difference in enamel formation between Col77*/* and Col177/~
mice incisors. The labial surface (see Figure 1A) is featured in A, B, and C.
A sagittal section is shown in D, E, and F. A, B: The labial surface of the
maxillary incisors in both Col77%/* (left) and Col17~/~ (right) mice was
scanned for calcium (green) and phosphorus (yellow) with EDX spectrom-
etry. No obvious difference was observed in elemental distribution mapping.
C: The same surfaces scanned in EDX for iron (red). In Col777/~ mice
(right), the distribution of iron was irregular, compared with that of a
Col17*’* mice (left). Scale bar: (A, B, C) = 500 pm. D, E, F: The sagittal
sections of the maxillary incisors of both Col17/* (left) and Col177/~
(right) mice scanned in EDX for calcium (green), phosphorus (yellow), and
iron (red). No obvious difference is observed in the distribution of calcium or
phosphorus between the Col7 7*/*+ (left) and Col17~/~ (right) mice. In the
Col177/~ mice (right), the iron concentration in the enamel is lower than
that in the Co/7 7%/ mouse (left; F). en: enamel; de: dentin. Scale bars in (D,
E, F) = 1000 pm. G, H: Microradiographs of maxillary incisors in Col17/*
(G) and Col177/~ (H) mice. The position (arrows) where sufficient miner-
alization occurred in the enamel judged from the low radio-opacity signal,
moved toward the incisal edge in maxillary incisors of a Col177/~ mouse
(G), compared with that in incisors of a Col17*/% mouse (H). en: enamel;
de: dentin. Scale bar: (G, H) = 500 um. I, J: Microradiographs showing the
mineralization pattern of the developing enamel at the maturation stage from
Col17+/* (D and Col177/~ (J) mice. As compared with Col17+/* (1), the
mineralization demonstrated by radio-opacity of the enamel was irregular in
both stages in Col? 7™/~ mice (J), although there were no differences in the
radio-opacity of dentine between Col17%/* (I and Col177/~ (J) mice. en:
enamel; de: dentin. Scale bar: (1, J) = 100 pm.

tin, were obtained from the TagMan gene expression
assay (Applied Biosystems, Foster City, CA; Probe ID;
MmO00711644_g1, Mm00477485_m1, Mm00516922_mi,
Mm00449138_m1, Mm00800244_m1 and MmO0515666_m1,
Mm99999915_gl, Mm00607939_sl). :
Differences between the mean CT values of mRNA ex-
pressions of tooth-formation-associated proteins and those
of GAPDH or B-actin were calculated as ACT o117/ mice =

CTtooth protein CTGAPDH {or oth_er r}ousekeeping genes) and
those of ACT for the Col17*'* incisors as CTaibrator =

CTtooth protein CTGAP.DH (or other housekeeping ‘geqes)' Final
results for Col17 '~ incisor samples/Col17 ** incisor sam-

ples (%) were determined by 27 (CT Col17=/= — CTealibrator)
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Using similar methods, we quantitatively analyzed the
tooth-formation-associated protein mRNA expression lev-
els in the dental epithelial cells cultured from the
Col17*'* and Col17 '~ mice.

Results

COL17 Expression Pattern in the EMJ of Teeth
in Col17™"~ Mice

We observed the expression of Col77 at each of the three
stages of enamel formation: pre-secretory, secretory, and
maturation (Figure 1, A and B). The 488-bp fragments of
mouse Col17 mRNA were detected in Col17+/* mouse
incisors in vivo and in cells cultured from Col17 */* mouse
incisors in vitro, although mouse Col77 mRNA was de-
tected in neither incisors nor cultured cells from Col17 =/~
mice (Figure 1C).

To clarify COL17 expression during tooth formation, we
immunostained tissue sections of maxillary incisors in
which we could observe all differentiation stages of tooth
formation. COL17 was expressed in the EMJ between
ameloblasts and odontoblasts at the pre-secretory stage.
Due to elongation of Tomes’ processes, the basement
membrane became discontinuous and COL17 expres-
sion was reduced and in places became intermittent at
the secretory stage. COL17 expression reappeared at
the maturation stage (Figure 1D).

In the Col17 '~ mice, COL17 expression was not ob-
served in the EMJ under the ameloblasts at any stage
during tooth development.

The basement membrane on the basal surface of the
ameloblasts separates the ameloblasts from mesenchy-
mal tissue/pre-odontoblasts. Hemidesmosomes are ob-
served in the EMJ, and they are composed of prominent
inner plagues, outer plagues, and sub-basal dense
plates, similar to those in the dermo-epidermal junction in
the skin. Anchoring filaments cross the lamina lucida, and
anchoring fibrils anchor lamina densa to the mesenchy-
mal tissue in the Col17+/* mice (Figure 1E).

In the Col17 /= mice, there were a reduced number of
hypoplastic inner and outer hemidesmosomal attach-
ment plagues with poor keratin filament association and
less prominent anchoring filaments, whereas anchoring
fibrils and the lamina densa were both normally pre-
served (Figure 1E).

Dental Phenotype in the Col17™"~ Mice

The incisors of wild-type (Col17*/*) and heterozygous
(Col17 ¥/~ mice exhibit yellow pigmentation on the sur-
face. The incisors of the Col17~/~ mice had a chalky,
whitish appearance (Figure 2, A and B). The Col17-res-
cued mice (mouse Col17~/~, human COL17*'*) had
yellowish incisors, as did the wild-type Col17+* mice
(data not shown). By scanning electron microscopy, the
enamel surface of the Col17*/*, Col17 '~ and Col17 =/~
mice appeared smooth and unpitted (data not shown).
Molar wear was more advanced in the Col17 ™/~ mice
than in the Col17*'* and Col17 */~ mice. This tooth wear
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Figure 5. Malformed Tomes’ processes and defective amelogenesis in Col/777/~ mice A~D: At the pre-secretory and early secretory stages, the EM] separates
pre-ameloblasts and pre-odontoblasts. A, C: The overall structures of pre-ameloblasts and pre-odontoblasts were similar in the Col77%/* (A) and Col177/" (€)
mice in the pre-secretory to the early secretory stages at the light microscopic level. B, D: Ultrastructurally, from the pre-secretory to the early secretory stages,
the basement membrane between ameloblasts and odontoblasts was blurred in the Col77~/~ mouse (D), compared with more obvious, intact basement
membrane structures in a Col7 7% mouse (B). E-H: At the secretory stage, Tomes' processes are formed and enamel matrix is produced by ameloblasts. E, G:
In the secretory stage, the processes of ameloblasts were malformed and blurred (arrows) in the Col77™/~ mouse (G), compared with well-organized lattice-like
structures of the Tomes’ processes (arrows) in the ColZ7%/* mice (E). The thickness of the enamel matrix seemed similar both in Col77*/* (E) and Col177/~
(G) mice. At the secretory stage, Tomes’ processes were apparently hypoplastic in the Co/Z7™/~ mouse (H), compared with normal Tomes’ processes in the
Col17*/* mouse (F). ¥-1: In the maturation stage, disruption of the processes of ameloblasts (am) was more advanced in the Co/77~/~ mouse (K), compared
with regular processes in the Col77*/* mice (I). At the maturation stage, the electron density of the enamel matrix is remarkably lower in the Co/77~/~ mouse
(L) than that in the Col17*/* mouse (J). In addition, enamel 1od structures are blurred in the enamel matrix of the Col77~/~ mouse (L). am: ameloblast; em:

enamel matrix; en: enamel; de: dentin; od: odontoblast; tp: Tomes’ processes. Scale bars: (A, C, E, G, I, K) = 30 um; (B, D, F, H, J, L) = 3 um.

became more severe with age, although it failed to ex-
tend to loosen the molar crown (Figure 2C). In sagittal
sections of the Col77 /= mice maxillary incisors, the
enamel rod inclination was irregularly oriented and dis-
rupted and had lost its normal network arrangement seen
in that of Col17 '+ and Col17*'~ mice (Figure 3 A-D,
F—H). In the COL17-rescued mouse Col17 ~/~* human
COL17** mice, the maxillary incisors showed normal
enamel rod formation (Figure 3, E and 1) confirming that
the enamel changes were caused by a Col17 deficiency.

Chemical and Mineralization Analysis of the
Teeth

Backscatter electron images of the labial surface and the
sagittal sections of the maxillary incisors in the Col17+/*,
Col17+~, and Col17 =/~ mice revealed that calcium and
phosphorus were homogeneously distributed from incisal
edge to apical root in all samples (Figure 4A, B, D, E). In
the Col17** and Col17*/~ mice, iron was lightly but
uniformly distributed from incisal edge to the middie of
teeth, and the density corresponded with the yellow pig-

—372—

mentation. In the Col77~/~ mice, iron was irregularly
distributed (Figure 4, C and F).

To compare the mineralization patterns of teeth be-
tween the Col17** and Col17 /= mice, radio trans-
parencies of the microradiographs were examined in
maxillary incisors. The radio-opacity of enamel de-
creased gradually toward the incisal edge, from the
enamel secretory stage to the maturation stage. Mineral-
ization reached its maximum during the late maturation
stage (Figure 4G). To objectively evaluate the mineral-
ization level in the enamel layers, we set up a marker-
point for enamel matrix sufficiently completed mineraliza-
tion using image analysis. The point exhibited 90% or
more saturation levels in the completely mineralized in-
cisal edge-side of enamel layer. We then assessed each
image for the area that showed this or higher saturation
signals. The mineralization marker-points that we defined
were at 1.7 mm and 2.7 mm from the incisor root in the
Col17*'* mice and Col17 =/~ mice, respectively (Figure
4H). These findings indicated that, in the Col17 /" inci-
sors, mineralization of enamel was delayed by 1.0 mm
toward the incisal edge compared with that of the



Col17 ** incisors. Mineralization of the enamel matrix, at
the maturation stage, was irregular and discontinuous in
the Col1777/~ mice (Figure 41) compared with the
Col17** mice (Figure 4J).

Defective Amelogenesis in Col17 ™/~ Mice

Ameloblast size and the enamel matrix thickness in the
Col17 7~ mice were similar to those in the Col17*/*
mice. The Tomes' processes of the Col17** mice were
triangular and arranged in order. However, the processes of
the Col17 /= mice were deformed and difficult to clearly
visualize in H&E-stained sections (Figure 5A, C, E, G, |, K).

Furthermore, we observed enamel! formation of the
incisors of the Col17*/*, Col17*/~, and Col17 '~ mice
ultrastructurally. Secretory ameloblasts were tall columnar
cells with intact Tomes’ processes producing enamel matrix
in the Col17** and Col17*~ mice (Figure 5, B and D).

in the Col17 ™/~ mice, the Tomes’ processes were thin,
fragmented and disorganized, showing a wavy, villous
appearance. There was no obvious difference in the
other structural components of the ameloblasts (Figure 5,
F and H).

Mature ameloblasts were columnar cells and could be
divided into ruffle-based ameloblasts and smooth-ended
ameloblasts by the presence of a ruffled border. Rough
endoplasmic reticulum, lysosomes, mitochondria, small
vacuoles and Golgi apparatus were seen in the apical
and mid portions of mature ameloblasts. The cell struc-
ture and organelles of Col17 ™/~ mature ameloblasts ap-
peared normal, but the enamel rods were malformed and
irregularly distributed. The electron density of the enamel
matrix was remarkably low during the secretory and mat-
uration stages in the Col77 ™/~ mice, compared with the
high electron density of the enamel matrix in the Col17 +/*
and Col17*'~ mice (Figure 5, J and L).

Assay of Ameloblast Proliferation and
Differentiation

Colony-forming analysis revealed there was no signifi-
cant difference in colony-forming ability of cultured
ameloblasts between the Col17** and Col17™/~ mice
(data not shown). As for apoptosis, TUNEL staining did
not reveal excessive apoptosis of ameloblasts at the
pre-secretory to secretory stages in either the Col17+/*
or the Col17™/~ mice (data not shown).

TUNEL assays showed that some apoptotic cells ap-
peared from the late secretory stage to the early matura-
tion stage (called the “transitional stage”) of the Col17*+/*
and Col17 ~'~ mice (data not shown). However, there was
no significant difference in the number of TUNEL-positive
cells between Col17** and Cof17 ™/~ mice; in the num-
bers of apoptotic ameloblasts per sagittal incisor section,
7.5 + 0.7 cells/sagittal section in Co/17*'* incisors and
7.0 = 1.0 celis/sagittal section in Col/77 ~/~ incisors.

We examined the expression of enamel proteins in the
incisors in vivo and in cultured dental epithelial cells in
vitro using real-time RT-PCR analysis.'?~'* mRNA expres-
sion of the major enamel proteins produced by amelo-
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Figure 6. Expression of enamel proteins in Col/777/~ ameloblasts. A: mRNA
expression of all of the enamel proteins examined (amelogenin, ameloblas-
tin, enamelin, tuftelin, enamelysin, and DSPP) was down-regulated in amelo-
blasts of incisors of the Col17/ mice in vivo. B: In vitro ameloblasts
cultured from incisors of the Col7 77/~ mice showed down-regulated mRNA
expression of amelogenin, ameloblastin and enamelin, aithough tuftelin
expression was up-regulated relative to tuftelin expression of the cultured
ameloblasts from the Col77%/* mice. Neither enamelysis nor DSPP was
expressed in ameloblasts cultured from the Col7 7%/* and Col1 7™/~ mice. C:
Protein expression (FITC, green) of amelogenin and ameloblastin was de-
creased in ameloblasts cultured from the Col77~/~ mice (D, F), relative to
that in ameloblasts cultured from the Col7 7™ mice (C, E). (C, D) ameloge-
nin staining; (E, F) ameloblastin staining; (C, E) cells from Col17%/* mice;
(D, F) cells from Col177/~ mice. Scale bar = 20 um.

blasts, including amelogenin, ameloblastin, enamelin,
enamelysin, and DSPP, was significantly decreased in the
Col17 '~ incisors, except for the expression of tuftelin
(Figure B6A). Tuftelin expression was only slightly reduced
in Col17 '~ mice incisors. In dental epithelial cells cul-
tured from the Col17+/* mice, mRNA expression of
amelogenin, ameloblastin, enamelin, and tuftelin was
confirmed, although mRNA expression of enamelysin
and DSPP was absent. In the Col77 7/~ mice, mRNA
expression of amelogenin, ameloblastin and enamelin in
cultured cells were remarkably lower than in the Col17*/*
mice. Tuftelin expression was higher than that in the cells
cultured from the Col17 */* mice (Figure 6B). Immunocy-
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mice and defective enamel formation in Col17~/~ mice. In the Col17*/* incisors (left), normal

enamel matrix is formed by Tomes’ processes, resulting in intact enamel formation. In the Col17™/~ incisors (right), disruptive Tomes’ processes produce

disturbed enamel matrix, leading to irregular enamel formation.

tologically, strong expression of amelogenin and amelo-
blastin was seen in the ameloblasts cultured from the
Col17 ** mice, although expression of both proteins was
remarkably weak in cells cultured from the Col17 =/~ mice
(Figure 6, C—F).

Discussion

nH-JEB is a hereditary blistering skin disease with tissue
separation occurring within the lamina lucida of the epi-
dermal basement membrane zone. nH-JEB is character-
ized by generalized blistering, alopecia, reduced axillary
and public hair, dystrophic nails, and dental abnormali-
ties.* S Molecular genetic studies revealed that nH-JEB
is caused by mutations in the genes encoding COL17 or
laminin 332.%® Most nH-JEB patients exhibit enamel hy-
poplasia, and pitting and coarsening of the tooth surface
enamel &7

The present study revealed that the secretory amelo-
blasts of the Col17 ™/~ mice lacked Tomes' processes
and exhibited disturbed enamel matrix secretion, which
resulted in imperfect amelogenesis demonstrated by
malformed enamel rods and irregular enamel matrix
(Figure 7).

Mice only have one set of dentition whereas the human
disease nH-JEB affects both primary and secondary den-
tition. Due to these differences, the tooth abnormalities
demenstrated in Col77 =/~ mice are unlikely to be patho-
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physiologically relevant to the nH-JEB human disease.
However, the physiological processes of enamel forma-
tion are identical both in human and mouse dentition.'”8
Thus, we believe that the present Col17 ™/~ mice are a
practical and useful model in which to study nH-JEB
dental abnormalities.

We studied the developmental processes of the teeth
in Col17 '~ mice. The teeth develop through the pre-
secretory, secretory, and maturation stages.'® At pre-
secretory stage, hypoplasia of hemidesmosomes is the
only apparent abnormality in Col17 '/~ mice teeth. In
ameloblasts in the secretory stage, disturbed Tomes’
process formation was observed in the Col17 ™/~ mice,
although enamel matrix was seen around the disrupted
Tomes' processes. The Tomes’ processes are known to
be involved in the secretion of enamel matrix.*®

Ameloblasts at the maturation stage showed no appar-
ent abnormality, although the crystal structure of the
enamel matrix was disturbed in the Cof77 ~/~ mice. Scan-
ning electron microscopy revealed that enamel rods were
malformed and irregular in the enamel matrix of the
Col17 '~ mice. These morphological abnormalities were
not observed in the rescued COL17-humanized mice and
thus it was confirmed that the abnormalities were direct
effects of the COL17 deficiency.

Contact microradiography demonstrated that enamel-
ization of the enamel matrix and calcification were de-
layed in the Col177 '~ mice. In addition, reduced iron



