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Introduction

Pathologically, fibrosis develops as a response to injury, which is regarded as a
remodeling process. However, continuous injury in liver and kidney culminates in cirrhosis
and renal fibrosis, respectively. The pathogenesis of fibrosis is very complicated. Cutaneous
wound healing (CWH) is a representative fibrotic lesion. CWH models in rats and mice have
been utilized to clarify a chain of events of fibrogenesis. Fibrotic lesions consist of various
inflammatory cells and deposition of extracellular matrices (ECMs). Basically, macrophages
can regulate fibrogenesis by releasing various fibrogenic factors capable of inducing
myofibroblasts. Transforming growth factor-f1 (TGF-B1) is a major fibrogenic factor.
Myofibroblasts stimulated by TGF-B1 can produce ECMs such as collagens. Thus, it has been
considered that fibrotic lesions may be evoked by interaction between macrophages and
myofibroblasts.

However, macrophages are heterogeneous, being divided into exudative macrophages,
resident macrophages and antigen-presenting macrophages/dendritic cells; they show

different functions depending on microenvironmental conditions. Although myofibroblasts, a



contractile cell characterized by a-smooth muscle actin (a-SMA) expression, are considered to
be induced from pre-existing fibroblasts, the derivation and cellular nature remain to be
investigated. Clarifying the relationship and properties of these key cells may lead to
therapeutic strategies for the intractable fibrosis.

A series of studies were conducted in order to investigate the detailed characteristics
of macrophages and myofibroblasts in cutaneous fibrosis. In the chapter 1, to establish the
base-line data, the author immunohistochemically analyzed macrophages in
normally-developing rat skin by using different antibodies specific to macrophage subtypes.
In the chapter 2, immunophenotypes of macrophages and myofibroblasts appearing in rat
CWH model were examined in detail. In the chapter 3, cellular characteristics of macrophages
in bleomycin-induced scleroderma (BS) in rats were investigated immunohistochemically in
relation to myofibroblast formation. In addition, comparisons of properties of macrophages
and myofibroblasts were made between CWH and BS models, to more clarify the divergent
features of these cells. Throughout these studies, the author paid attention to expression of
galectin-3, because the factor regulates the downstream processes of TGF-B1-mediated

myofibroblast activation.

Chapter 1. The kinetics and distribution of different macrophage populations in the
developing rat skin

Far less is known about macrophage heterogeneity in normal skin. Rat skin at
different anatomical sites (head, dorsal, and abdomen) was obtained on gestational days (GD)
18-20, on neonatal days (ND) 1-21, and at adult weeks (AW) 5-15. Macrophages reacting to
ED1 (exudative macrophages with activated phagocytosis), ED2 (resident macrophages
producing inflammatory factors), and OX6 (antigen-presenting cells) were assessed in
epidermis, dermis or perifollicular areas. There were no differences in positive cell
appearance patterns for each antibody among anatomical sites. In epidermis, no positive cells
for ED1 and ED2 were seen; in contrast, OX6 cells were seen in GD, and the number
increased in ND and AW. In dermis, among macrophages, ED1 cells were the most frequent in
GD and ND, whereas ED2 and OX6 cells became more prominent in AW. OX6 cells were
predominant in perifollicular areas in late ND and AW. It was demonstrated that
heterogeneous macrophages appeared in developing rat skin, based on location and age.

To clarify how different macrophages participate into CWH and BS, in relation with
myofibroblast formation, the following studies were conducted.

Chapter 2. Immunohistochemical analyses on macrophages and myofibroblasts appearing in
rat CWH

2.1. Histopathology
Excisional punch wounds were made at dorsal skin. Samples were harvested on

post-wounding (PW) days 1-26. In CWH, inflammatory phase was noted on PW days 1 to 3,



followed by granulation tissue phase on PW days 5-12; then, tissue remodeling phase was
from PW day 15, and the wound almost healed by PW day 26.

2.2. Macrophages and galectin 3-expressing cells

In inflammatory phase, ED1 cells were mostly predominant, and ED2 cells increased
transiently when granulation tissues were formed on PW days 3 to 7. The majority of ED1
cells expressed galectin-3. Increased number of ED1 and ED2 cells was paralleled by
increased mRNA levels of TGF-p1, MCP-1 and CSF-1 on PW days 3 to 9. OX6 cells became
predominant in tissue remodeling phase. These results showed that different macrophages
appeared depending on progress of CWH, and that at early phases, MCP-1 and CSF-1 might
recruit macrophages capable of producing galectin-3 and TGF-B1.

2.3. Cellular properties of myofibroblasts

Myofibroblasts were examined immunohistochemically with antibodies for
cytoskeletons (vimentin, desmin, and a-SMA) and mesenchymal stem cell markers (Thy-1
and A3). Myofibroblasts reacting to vimentin and a-SMA began to be seen on PW day 5, then
peaked on PW day 9, and gradually decreased. Desmin-reacting cells were only limited in
newly-formed blood vessels. Pericytes and perifollicular dermal sheath (DS) cells in wound
periphery on PW days 7 to 15 showed increased expressions for vimentin, Thy-1 and A3,
although o-SMA expression was not incremented. Double immunolabeling revealed
immunophenotypical similarity between myofibroblasts (vimentint, a-SMA+, Thy-1+),
pericytes (vimentin*, a-SMA*, Thy-1*, A3+), and DS cells (vimentin*, o-SMA*, Thy-1+, A3+).
These findings showed that myofibroblasts might be generated from pericytes and DS cells in
the lineage of mesenchymal stem cells.

Chapter 3. Immunohistochemical characterization of macrophages and myofibroblasts in rat
BS

3.1. Histopathology

Scleroderma, a skin disorder characterized by persistent fibrosis, was induced in rats
by daily subcutaneous injection of bleomycin (1 mg/ml) for 4 weeks (W). Samples were
collected at 1 to 4 W. Dermal thickness was seen in the lower dermis at injection site,
consisting of fibrosis and infiltrating macrophages. Apoptosis, demonstrable by TUNEL

method, increased in hair follicles. These lesions were exacerbated with time.

3.2. Macrophages and galectin-3-expressing cells

Immunohistochemically, the numbers of macrophages reacting to ED1 and ED2
began to increase at 1 W, peaking at 2 W; the numbers gradually decreased. On the contrary,
the increased number of cells reacting to OX6 was retained from 2 to 4 W. Galectin-3

expression was seen in ED1, ED2, and OX6 cells, as well as myofibroblasts. mRNA levels of



TGF-B1, MCP-1 and CSF-1 were continuously elevated. This study showed that the
consistently increased numbers of macrophages, which might be induced by MCP-1 and
CSF-1, could express galectin-3 and TGF-B1, thereby leading to persistent fibrosis;

particularly, OX6 cells might have crucial roles in progressive fibrosis.

3.3. Immunophenotypical changes of myofibroblasts

Myofibroblasts, of which the formation was related to macrophage appearance and
TGF-B1 expression, were analyzed. Myofibroblasts reacting to a-SMA, vimentin, and Thy-1
were seen in the dermis at 1 to 4 W; desmin reactivity was seen in occasional myofibroblasts.
Perifollicular DS cells displayed increased reactivity for Thy-1 and vimentin, but not for
o-SMA. Using double immunofluorescence labeling, both myofibroblasts and pericytes were
found to express a-SMA, vimentin and Thy-1. Additionally, increased apoptosis in hair
follicles was characteristically seen, being correlated with increased reactivity for vimentin
and Thy-1 in perifollicular DS cells and macrophage infiltrate. Based on these findings, as
mentioned in chapter 2, pericytes and DS cells might be involved in sclerodermatous

fibrogenesis as possible progenitor cells of myofibroblasts.

Chapter 4. Comparisons of properties of macrophages and myofibroblasts between
CWH and BS models

In both models, ED1 and ED2 cells were predominant at early and mid stages,
whereas OX6 cells appeared later. However, OX6 cells in BS were greater in number and
more continuous than in CWH, suggesting that antigen-presenting cells might be important
for persistent fibrosis. Galectin-3 in CWH was expressed exclusively in ED1 cells, whereas the
expression in BS was seen in ED1, ED2 and OX6 cells, as well as myofibroblasts. These
results suggested that activated macrophages and myofibroblasts capable of releasing
galectin-3 could attribute to uninterrupted fibrosis. Interestingly, in BS, increased hair follicle
apoptosis was associated with local macrophage recruitment and increased activity of

myofibrobastic DS cells, of which events might lead to persistent fibrosis in this model as well.

Conclusions

1. There were differences in kinetics and distribution of macrophages with divergent
immunophenotypes between epidermis, dermis, and perifollicular areas in developing rat
skin.

2. CWH and BS analyses showed that macrophages exhibiting heterogeneous
immunophenotypes participated in cutaneous fibrosis; ED1 and ED2 cells were
predominant at early and mid stages, whereas OX6 cells appeared later.

3. Myofibroblasts in CWH and BS expressed mesenchymal markers (mainly, a-SMA,
vimentin). In addition to these markers, pericytes and perifollicular DS cells reacted to
stem cell markers (Thy-1 and A3), suggesting possible precursors of myofibroblasts in

relation to the mesenchymal stem cell lineage.



4. There were differences in properties of macrophages and myofibroblasts between CWH
and BS models; particularly, consistent increase in OX6 cells, continuous expression of
galectin-3 both in macrophages and myofibroblasts followed by elevated TGF-1, and hair
follicle apoptosis accompanied by macrophage infiltrate and increased DS cell activity
might have been related to persistent fibrosis in BS model.

5. Because cutaneous fibrosis models wused 1in the present studies showed
patho-morphological similarities to those in human counterpart patients, the present
studies provide useful information for pathogenesis of cutaneous fibrosis, a basic
pathological event, and for possible therapeutic strategies for the intractable fibrosis.

FREROEF

FAE IR BRI IR ER OBEIREETH 0 . KRS ORAIEIRE XA 2 8L C
Ho, LovL, BN EENSIFIRSCBIRICAE C 5 & IFlE SN 72 & O AT DBRHE L
KT D, M, it~ a7 7 —Unb kS AR (B2, TGF-Bl) 23, =
T =7 i EOMBIANEE AT DM A B E T L L TERESNDHETH D,
Tirbb, v/ a7y — L HHESF RN EE R A U D0, £ ORI EKF O 2
FULIE ST,

~ a7y —Ulk, R T AMERET, B~/ n Ty r—Y BEE~YI/R Ty
— ., PR R~ 7 a7 7 — VBRI KB S D, IARE SR, o IR T 2 F v
(a-SMA) ZFBLT 5 MfEMIE T, BEFOMMESFMaIchkT 5L Shd, L, KER
HELICHE T B~ 7 1 7 7 — T OZEERERO MR, AR Mia O R & Bskiz Wi
AAZR IR\, ZAVO IO E AR L, M AEOBEMZTEHT 5 2 &%, #EMEO R
JERRAEE (BELIE, 7reA Red) ZIRET 2 HRICEND, AR T, Bed 2508
JERMEALT v bET IV (SUTFRIGE T LA~ A VU RBEMAVIE) Z RN L. BRHELED
MAICHET 2~ 27 07 7 — 9 LRSI OB 2 . T8 L TRERMILFZMFEZ
TIHITL T 5, RN OMEIZLL T DOEY Th 5,

B1ETIH, HEORAEBE BT, Bl ) T8 DIER kR~ a7 77— Ok
M, 3 FEORLDL~r a7 7 — UREGURE O TRIEMRBML SR LT 5D, 20
R, RREICBOWTIZOX6 Ml (B R~ 07 7 —) OZRPRO BN, O HHITIE
AN R A I Z RO AR TR GBI 5 2 &, B L BFEFEAFETIL, 0X6 M%)
SN LARY, ED1 il (BRIEHE~7 a7 7 —) BT CIcEFELIEMLTE
V. ED2 flfd (RIEMERTREA~I 07 7 =) ITHETHOHRAIENTLZ 2 RHL
2o S HIT, EEZTIX EDI Mifass, BEFBETIX OX6 MilanERLid~rn 77— T
bHZEER LT, Thbb, MERARRTOHBNNA~ 07 7 — BB TR D 2
&L MBI X W R~ v T y = U T A2 L AL L,



H2ETIE, Ty ORI TRGEZER L, 0% OBH ORI (JIE, WIHH
e, 1) ZRRAICHIT L T D, ZOfE%. EDL MIRIZRIEM T b L2 0%
95 2 &, ED2 A I IR T rEic N5 2 &L OX6 MifEiX EICEEM CHERY
HZ L& LT-, F£7-. EDI a8 galectin-3 (TGF-pl i K ¥) Z#@mBEHTLIZ L, ~7
0 77— ViR - (MCP-1, CSF-1) OI&ELAN ED1 & ED2 Mifa o HEL & B4 5 = &
AL LI, ST, BMEEMERTF (TGE-B1) @ _L5F & —8 U CRERHEE RIS R &
M. Z DOFRAHEEMRZa-SMA & B X U F v OB~ —h —IN %, ik~ —2
—T® % Thy-1 ZRE 425 Z & &R LT, Thy-1 ZEBUL, HrAin & R mia & 5588 P
LROLIL, ZNHMIIE A3 EAR BMla~—T—) LRBELL W, T7hbb, fiElbo
RREICIKTE LR D82 H T~ a7 7 —URNHEBLIT 2 2 & M SRR 3 2 &
Bz 06 28 8 PR L2 ke 2 W BEME A2 R LT,

FIECTIE, TvA~A VAT v MNEEELEET VEER L, 8 2 3 & [HERO ik
THEHT LT D, ZOfE%, EDI, ED2, OX6 HIRENEHGAICHMNT 52 &, T DOHBL LB
# L MCP-1, CSF-1, TGF-B1 72 FORFHHEFEICEREET L2 L 2P oML, £,
T T DR LEALICIXa-SMA, B A > F 2| Thy-1 ZFBL9 2 ke 2R MR 23 & A8 C H
B, mAEERMEE 7R b= A THENE L BEOFEBMIIZIZIE A F | Thy-1, A3
MR EFRBLT 22 L 2R L, B2 BEFERRIC, EITHEORME LB TE, v/ r 7y
— VRO ML & MO EE TH D Z &2 LT LT,

4TI, REORIERE (52 %) SMEE B3 %) 7 /LVOMMRZEICHELT
Lo w7y — T L RRHESE AR O RFE A BRI AET L, B L T D, ZOREE. B bE
TIESEDO~ 7 07 7 — VR L FFEK 1 (MCP-1, CSF-1, TGF-B1) 2MFIZ@mIEH LT\ 5D
Z & galactin-3 OFILY, AIETER TiX ED1 Ml DA THh - 7273, 1E{LAE Tl ED1, ED2,
OX6 M, = SHICHBAESMIRIC LRI D2t 2 A L, £/, B BE Cidm & & B
fa & B2 FEARA I 3 1 2 e 2 & i~ — 7 — ORBN LRI N D 2 & by
Molz, THDDEND, FJEHLIEIZI T D HETTHEOBRM IR D Z L 2 BN LT,

UL EORFGEE, EERHELIZIWN T, HIBICIRE LR R DA BT~ n 7 7 — VR
ZH L, ZOHBUTHMMEF M OIERIZRD D Z & S B ITFHHRRHESF IR o I S Ak
MlEicH D 2 L 2R LTS, ki, BEICHT2EROGARNRISTH D Z L
5. AWTEL, HEFRBLR D AMBR LA D LTl THELRMAZIRLTEY
R - BREESADOIAE - IGHITEDE R D RBICE T DB 6N, o T, KIERBROKS
RLPFET, Bt (RESR) ORMEREGTHIE 2y L3805,



